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ABSTRACT
DNA and RNA are generally regarded as one of the central molecules in molecular
biology. Recent advancements in the field of DNA/RNA nanotechnology witnessed
the success of usage of DNA/RNA as programmable molecules to construct nano-
objects with predefined shapes and dynamic molecular machines for various func-
tions. From the perspective of structural design with nucleic acid, there are basically
two types of assembly method, DNA tile based assembly and DNA origami based
assembly, used to construct infinite-sized crystal structures and finite-sized molecular
structures. The assembled structure can be used for arrangement of other molecules
or nanoparticles with the resolution of nanometers to create new type of materials.
The dynamic nucleic acid machine is based on the DNA strand displacement, which
allows two nucleic acid strands to hybridize with each other to displace one or more
prehybridized strands in the process. Strand displacement reaction has been im-
plemented to construct a variety of dynamic molecular systems, such as molecular
computer, oscillators, in vivo devices for gene expression control.
This thesis will focus on the computational design of structural and dynamic nu-
cleic acid systems, particularly for new type of DNA structure design and high preci-
sion control of gene expression in vivo. Firstly, a new type of fundamental DNA struc-
tural motif, the layered-crossover motif, will be introduced. The layered-crossover
allow non-parallel alignment of DNA helices with precisely controlled angle. By us-
ing the layered-crossover motif, the scaffold can go through the 3D framework DNA
origami structures. The properties of precise angle control of the layered-crossover
tiles can also be used to assemble 2D and 3D crystals. One the dynamic control part,
a de-novo-designed riboregulator is developed that can recognize single nucleotide
variation. The riboregulators can also be used to develop paper-based diagnostic
devices.
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Chapter 1
STRUCTURAL AND DYNAMIC NUCLEIC ACID SYSTEMS
Adapted with permission from Hong, Fan, et al. DNA origami: scaffolds for
creating higher order structures. Chem. Rev. 2017,117,12584-12640. Copyright
2017 American Chemical Society.
1.1 Introduction
Structural and dynamic systems are the two intrinsic systems that government
the biological functions. A cell is the basic unit of life. In a cell, the structural sys-
tem provide environment for efficient chemical reactions to transfer the information,
while the dynamic systems control the molecular information flow to regulate the
complicated cellular functions. The engineering complicated structural and exquisite
dynamic systems are of great importance for the upstanding of fundamental biological
questions, applications of biotechnologies.
Among the molecules in nature, DNA and RNA are generally regarded as one of
the central molecules in molecular biology. However, the programmability of DNA
and RNA make them to be an ideal molecules to construct user-define nanostructures
and dynamic devices. In the strucutral perspective, DNA and RNA’s molecular
structure are well know and they can be programmed into molecules have junctions,
which allow them to form complicated structures. From the perspective of structural
design with nucleic acid, there are basically two types of assembly method, DNA tile
based assembly and DNA origami based assembly, used to construct infinite-sized
crystal structures and finite-sized molecular structures. The assembled structure can
be used for arrangement of other molecules or nano-particles with the resolution of
1
Figure 1.1: The DNA and RNA Molecules
nano-meters to create new type of materials.
The dynamic nucleic acid machine is based on the DNA strand displacement,
which allows two nucleic acid strands to hybridize with each other to displace one or
more pre-hybridized strands in the process. Strand displacement reaction has been
implemented to construct a variety of dynamic molecular systems, such as molecular
computer, oscillators, in vivo devices for gene expression control.
Recent advancements in the field of DNA/RNA nanotechnology witnessed the
success of usage of DNA/RNA as programmable molecules to construct nano-objects
with predefined shapes and dynamic molecular machines for various functions.[4, 5]
1.2 Structural Nucleic Acid System
Molecular self-assembly exists everywhere in the natural world and plays crucial
roles in biology, chemistry, and material science.[6] The interactions involved in the
self-assembly process are generally weak and noncovalent interactions, such as hy-
drogen bonding, hydrophobic interactions, and van der Waals interactions, etc. For
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instance, lipid molecules form micelles in water, single chains of amino acids fold into
functional proteins, chains of DNAs (DNA) form double helices with their complemen-
tary sequences, and single chains of ribonucleic acid (RNA) fold into complex tertiary
structures. By learning how these interactions guide the sophisticated self-assembly
processes, one may utilize the inherent rules of cellular machineries to synthesize
designer molecular structures or devices to perform desired functions.
A variety of molecules, such as peptides[7], proteins[8], DNA[9], lipids[10], organic
molecules[10], and hybridization of metal ions and organic molecules[11] have been
used as self-assembly building blocks. Among these molecules, DNA is one of the
most attractive candidates for nanoconstruction, due to its unique properties. First,
the WatsonCrick base pairing is highly predictable and specific. The interactions
between DNA strands are governed by the pairing of nucleotide (nt) bases, where
adenine (A) pairs with thymine (T) and cytosine (C) pairs with guanine (G). On the
basis of this simple rule, one can easily program the interactions between DNA oligos.
Second, the well-studied molecular conformation of DNA facilitates the creation of
designer DNA structures. A typical B-type DNA is a right-handed double helix
with a diameter of 2 nm and 3.4 nm per helical turn. The measured twist in this
molecule is 34.6 per base pair (bp). These parameters allow DNA nanostructures
to be precisely engineered at a nanometer scale. Third, the convenient synthesis
of DNA oligonucleotides (oligos) facilitates the use of DNA as building materials.
DNA synthesis is now largely automatic, allowing thousands of different oligos to
be synthesized in a short amount of time (hours to days). Additionally, a number of
enzymatic manipulations further decrease the cost of DNA synthesis. Thanks to these
advances, the field of structural DNA nanotechnology has developed rapidly, and a
variety of DNA nanostructures have been designed and successfully constructed.[12,
13, 14, 15, 16] The technique of DNA origami utilizes hundreds of short DNA oligos,
3
Figure 1.2: The Immobile Holliday Junction and Proposed 2D Lattice Formation
typically 1560-nt long, called staple strands to fold a long single-stranded scaffold
oligo into a desired target shape by one-pot annealing. The use of DNA origami has
dramatically improved the complexity of DNA designs and has led to numerous uses
in various fields, including electronics[17], photonics[18], artificial enzymatic reaction
networks[19], and so forth.[4]
1.2.1 DNA Tile Assembly
Ned Seeman and colleagues pioneered the structural DNA nanotechnology re-
search, and from their achievements, there arose an interest in and rapid development
of DNA origami structures. The essential foundation of structural DNA nanotechnol-
ogy, including DNA origami, is that DNA can form immobile branch junctions that
can be further joined together via sticky ends to form higher-order structures and
lattices.[20]. However, the naturally occurring branched DNA structures, such as the
Holliday junctions, are unstable due to the intrinsic internal sequence symmetry.[21]
Seeman proposed that an immobile Holliday junction could be created by minimizing
the sequence symmetry. He also suggested that it was possible to use an immo-
bile junction to generate three-dimensional (3D) networks of nucleic acids through
rationally designed sticky-end associations.
After successfully constructing an immobile 4-arm junction,[22] Seeman and col-
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leagues then assembled 5-, 6-, 8-, and 12-arm junctions, demonstrating that DNA
junction molecules can be highly branched.[23, 24] However, because these multi-
arm junctions are flexible and their conformations are difficult to predict, they are
unsuitable to use as the basic structural units with which to assemble higher-order
periodic lattice structures. To overcome this problem, they constructed a DNA dou-
ble crossover (DX) molecule by joining two 4-way junctions into one structural motif.
This resulted in a rigid DNA molecule with aligned, parallel, or antiparallel double
helices, which were held together by two crossovers.[25] In 1998, the first higher-order
DNA lattice structure, a periodic two-dimensional (2D) crystalline, was successfully
constructed from the DX molecule.[26] Yan, LaBean, and co-workers [27] extended
the DX tile into a rigid, branched, 4 4 tile with four arms pointing in four directions.
Similar to the DX molecule that uses a central strand to link two Holliday junctions
end to end, the 4 4 tile uses a long central strand to link four Holliday junctions
together into a 4-fold symmetry. T4 loops were placed at each of the four corners of
the central strand to reduce the probability of stacking interactions between adjacent
arms. Nanoribbons or 2D gridlike lattices were successfully assembled by providing
the 4 4 tile with proper sticky end association sites. Inspired by the DX and 4
4 tile, DNA units, such as the three-point star tile (Figure 1C),[28] six-point star
tile (Figure 1C),[29] and the six-helix bundle (Figure 1D),[30] were successfully con-
structed. These molecules can further self-assemble to form 2D arrays with different
patterns.[31] Furthermore, 3D macroscopic crystals have been successfully created via
the assembly of a rationally designed tensegrity triangle motif.[32] These 2D or 3D
DNA crystals allow for the precise organization of periodic nanoparticles,[33] quantum
dots,[34] and biomolecules.[35, 36]
5
Figure 1.3: Assembled DNA Nanostructures
1.2.2 DNA Origami Assembly
In 2006, Paul Rothumend[37] reported the DNA origami technique to fold DNA
into arbitrary 2D structures. The origami is a method that uses hundreds of short
DNA strands, called staple strands, to fold a long strand, called scaffold strand into
predetermined structures. Researchers have implemented two general strategies to
create 3D shapes with the DX-based single layered design. The first strategy relies
on the second-step folding of the formed planar origami structure. In this case,
the 2D planar structure is not completely paired with staples. Rather, the scaffold is
intentionally left as a single strand in certain regions so that the relatively compact 2D
planar structure could be broken into well-cut pieces, such as triangles and squares[38].
Semirigid 2D shapes are then folded into 3D shapes when they join with the matching
6
Figure 1.4: Different Types of DNA Origami Structures and Their Design Unit
(Double Crossover, Multi-arm Junction, Six-helix Bundle, and Paranemic Crossovers)
well-cut pieces.The second strategy that was used to build 3D DNA origami was to
use plane linkages and to introduce crossovers with a distance that was not equal
to an integer number of half turns. In this case, the parallel DNA helices did not
pack into a single plane. For example, Douglas et al. implemented this strategy to
construct a DNA origami nanotube.
single-layered DNA origami structure can be created in many different ways. Using
the structures for practical uses may have several limitations, despite their successful
formation and high yield. For example, molecular dynamics simulations have shown
that single-layered origami structures have conformational flexibility and structural
heterogeneity, which may limit its usage in precise addressiblities.[39] Flexibility is
difficult to avoid in the single-layered wireframe design, due to the discontinuity of
the DNA helices at the vertices. Molecular threading behavior has also been observed
in tightly compacted designs, where DNA scaffolds open and close on their own.[40]
To overcome these problems and expand design methodologies, single-layered
7
DNA origami can be stacked to create multilayered 3D structures with increased
rigidity. Douglas et al. published the first article on engineering 3D solid DNA
origami structures, where they used a six-helix bundle as the basic unit[41], where
the base number between the crossovers are 7 bp, the helix alignment is honeycomb
style. By controlling the distance between the crossovers to 8 bp or 13 bp and 9 bp,
the helix can be aligned into triangular[42] and square lattice[43].
1.3 Dynamic Nucleic Acid System
Strand displacement reaction is a very powerful tool to control the molecular
information flow and DNA/RNA’s structure conformation, which can be used for
molecular computing and function control of a designed machinery.
1.3.1 strand Displacement Based DNA Computing
The idea of molecular computing is to engineer a molecular system that can per-
form computation by using the molecules, which would be helpful to understand
basic cellular processes, construct active nanotechnological devices, and provide new
tools for medical applications such as diagnostics. Strand displacement reaction is a
promising modular motif to achieve these goals because it can be easily designed and
composed into a large scale computing framework, where one displaced strand can
trigger another set of strand displacement reactions, thus building up a network of in-
teracting strands. In 2006, Takahashi et al [44] and Seelig et al [? ] constructed a set
of Boolean logic gates by using short DNA strands interacting via strand displacement
reactions. Seelig et al also developed a thresh-holding and a amplification process to
solve the problems of leakage and signal normalization. The circuit is able to take
miRNA as input which shows promising applications in biotechnologies. Qian et al
[45] developed a seesaw gate motif, which can represent digital OR and AND logic
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Figure 1.5: Implementation of DNA Strand Displacement for Molecular Com-
putation:Digital Logical Gates[1], Molecular Oscillator[2], and Large Scale Digital
Cascade[3].
gates as strand displacement interactions between DNA strands (Fig. 1.5a ). They
successfully used a number of these strand-displacement-based gates to implement a
complicated square rooter[? ] and a artificial neural networks based on four fully
connected neurons [46]. Soloveichik et al [47] demonstrated that strand displacement
reaction can be used to engineer arbitrary chemical reaction networks (Fig. 1.5b ).
The idea has been experimentally demonstrated by a analog computation [48] and
pure DNA based oscillator [? ].
1.3.2 Strand Displacement Based RNA Devices for In Vivo Gene Regulation
Other than molecular computing, the mechanism of strand displacement has also
been applied to engineer novel genetic motif to control gene expression. It’s well
known that RNA plays an important role to regulate cellular functions including
splicing and editing RNA, modifying rRNA and regulate gene expression as non-
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coding RNA. The strand displacement can drive the conformation change of a RNA
from one state to another one, providing a feasible avenue to engineer molecular ma-
chines to control cellular functions. For example, riboregulator is a type of small RNA
that can both activate and repress bacterial gene expression by base paring with mR-
NAs and changing the secondary structure around translation initiation region, i.e.
the ribosome biding site (RBS) and starting codon. Isaacs et al [49] implemented a
RNA interacting with YUNR (pYrimidine-Uracil-Nucleotide-puRine) sequence motif
on RNA to control the exposure of the RBS and starting codon to control the pro-
tein translation (Fig. 1.6a ). The YUNR interactions can be regarded as a toehold
to promote the strand displacement to open the hairpins. Mutalik et al [50] also
used YUNR interaction-driven strand displacement and successfully designed a fam-
ily of orthogonal RNA regulators. In 2014, by taking the full advantages of toehold
mediated strand displacement, Green et al [51] designed a toehold switch that uses
strand displacement mechanism to control the downstream gene expression (Fig. 1.6b
). In the toehold switch design, the RBS and starting codon were embedded into a
hairpin structure to inhibit the ribosome’s binding. The trigger RNA can interact
with hairpin via the toehold region, then stepwisely open the hairpin based through
the strand displacement. After the strand displacement, the translation initiation
region is exposed to the ribosome and the gene expression is subsequently activated.
Chappell et al [52] also used the strand displacement to engineer an RNA motif
called STAR (small transcription activating RNA) that regulates gene expression at
the transcription level(Fig. 1.6a ). In the process of transcription, the termination
step requires the formation of a hairpin structure to push off the RNA polymerase
and shut down the transcription. STAR binds to a transcribed RNA and opens the
terminator hairpin to let the transcription continue. The STAR can achieve up to
9000-fold increase in gene expression. Other than the pure RNA-RNA interaction to
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control the cellular activity, RNA molecules can be engineered to interact with small
molecules to activate the strand displacement reactions. For example, Bayer et al
[53] designed a programmable ligand-controllable riboregulators to control the gene
expression in eukaryotic cells. As shown in Fig. 1.6-c, in the absence of the ligand,
the anti-sense region will be sequestered in a stem region. However, in the presence of
the small molecule effector, the effector’s binding will enhance the toehold to activate
the strand displacement to expose the anti-sense RNA, which will then interact with
mRNA to inhibit its translation.
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Figure 1.6: Implementation of RNA Strand Displacement for Gene Expression in
Transcription, Translation, and with the Binding of Small Molecules.
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Chapter 2
3D FRAMEWORK DNA ORIGAMI STRUCTURES BASED ON
LAYERED-CROSSOVER MOTIF
Adapted with permission from Hong, Fan, et al. 3D framework DNA origami with
layered crossovers. Angew. Chem. Int. Ed. 2016 55,12832-12835. Copyright 2016
Wiley
2.1 Abstract
Designer DNA architectures with nanoscale geometric controls provide a pro-
grammable molecular toolbox for engineering complex nanodevices. Scaffolded-DNA
origami has dramatically improved our ability to design and construct DNA nanos-
tructures with finite size and spatial addressability. Here we report a novel design
strategy to engineer multilayered wireframe DNA structures by introducing crossover
pairs that connect neighboring layers of DNA double helices. These layered crossovers
(LX) allow the scaffold or helper strands to travel through different layers and can
control the relative orientation of DNA helices in neighboring layers. Using this
design strategy, we successfully constructed four versions of twolayer parallelogram
structures with welldefined interlayer angles, a threelayer structure with triangular
cavities, and a 9 and 15layer square lattices. This strategy provides a general route
to engineer 3D framework DNA nanostructures with controlled cavities and oppor-
tunities to design hostguest networks analogs to those produced with metal organic
frameworks.
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2.2 Introduction
Structural DNA nanotechnology provides a programmable route to engineer versa-
tile DNA nanostructures that serve as structural scaffolds in bioengineering, nanome-
terscaled electronic engineering, and fabrication.[16]. Particularly, DNA origami is
a technique that uses hundreds of shorter DNA strands termed helpers, to fold a
long singlestranded DNA called the scaffold into desired shapes; this technology has
revolutionized our ability to engineer designer nanostructures. [4]
Currently, DNA origami design strategies can be categorized into two major
classes: tightly packed and surface wireframe designs. In the tightly packed de-
sign, the twodimensional (2D) structures formed are based on the double crossover
(DX) DNA motif [25] that allows antiparallel or parallel alignment of DNA helices
in a plane.[38] Mobius stripes[54], tubes, hollow balls, and flasks [55] are essentially
curved surfaces based on multiple DNA helixes arranged in parallel. Similarly, solid
block threedimensional (3D) shapes are achieved by aligning helices in a honeycomb
or a square lattice along helical axis, based on six or fourhelix bundle units.[41] Sur-
face wireframe designs are realized by linking multiarm junction units that contain 2
to 12 arms that each contain 1 to 12 helices.[56] The multiarm junction unit strat-
egy allows nonparallel DNA helix alignment, but the formed structures are either 2D
surface structures with various sizes and shaped cavities or 3D polyhedrons that are
essentially curved surfaces. A 3D nonparallel alignment such as DNA helices stacked
with fixed angles between the neighboring layers to build the 3D framework structures
shown in Figure 1A is not readily achieved by traditional inplane crossovers or multi-
arm junction motifs. Here we present a design strategy that allows the generation of
3D multilayered framework DNA structures with wellcontrolled geometry using novel
layeredcrossover (LX) motifs where each line segment is based on the DX DNA motif
14
Figure 2.1: Framework DNA Origami Structure Based on Layeredcrossover (LX)
Motifs.
(Figure 1B).
2.3 Results and Discussions
The LX motifs are introduced to connect neighboring DNA helices in different
layers, so both the helper and scaffold strands can travel between layers to form the
designed framework shapes. These LX motifs are depicted as short red sticks in the
cylinder model shown in Figure 2A. A typical LX motif in a twolayer unit is shown
in Figure 2B, in both line and helix models. The two horizontal helices are beneath
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the two vertical helices, and each contains a DX motif. A pair of LXs (highlighted in
the red circles) are located in the two helices opposite the two DX motifs, directing
the green and yellow DNA strands to travel between the layers (Figure 2B).
The twolayer LX units can be directly joined in the ends of DNA helices (as shown
in Figure 2C) to form a 2D lattice; they can also be connected between layers through
LX connections located at the top and bottom of two layers (encircled dots and
crosses pointing up and down, respectively) into multilayer wireframes. Connecting
these units end to end and top to bottom produces a 3D framework lattice structure.
Figure 2C shows the routes of the DNA strands. The colored lines represent different
segments of the long singlestranded scaffold DNA that travels through the layers of
the structure. The gray strands represent the short helper strands. The colored
strands are joined at the helix ends by small loops and between the layers by LXs.
Finally, some proper scaffold crossovers are placed in selected line segments to make
the scaffold a singlestranded loop that passes twice through each line segment in
different layers. Either the helper (H) or scaffold (S) strands can be directed to travel
between the layers at the LX points (see Figure S2 in the Supporting Information).
In addition, the twolayered unit connected by LX has four arms specified as north
(N), south (S), west (W), and east (E). Starting from the N arm, the strands traveling
between the layers can go in two ways: NW or NE. Thus, we can produce four different
LX motifs: HNW, HNE, SNW, and SNE (Figure S2).
The positions of the DX points should be adjacent to each other when the two he-
lices are antiparallel to minimize structural distortion in the traditional DX molecule.
Similarly, the LX points should be located on the most top or bottom region of
DNA helices to minimize the distance of the two DNA helices between layers. A
simple geometric model is applied to identify potential LX positions and estimate
the relative orientations of DNA helices in the neighboring layers. The coordinates
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of phosphates of each nucleotide (nt) in the xyzaxis are based on the structural pa-
rameters of Btype DNA and DX DNA molecules. The detailed geometric model is
described in the Supporting Information (Figures S34). The zcoordinate of the center
of the helix is defined as 0, and a threshold of 0.85 nm at the zaxis is set to screen
potential LX positions on the top of the DX. For example, if the z coordinate of a
phosphate is ¿0.85 nm, it means it is located on the top of a helix structure and can
serve as a crossover point that directs the strand traveling to the upper layer. This
method was used to identify all the potential LX positions provided by either scaffold
or helpers in a sixturn DX unit (Figures S47). Using different combinations of the
possible LX points identified from the geometric model, the angles of DNA helices
in neighboring layer can be calculated. For example, the combinations of 16, 25, 34
and 43 give discrete angle values of 16, 25, 61, and 86 when only the acute angle is
considered. Figure 2A shows one of the twolayer units with a predicted angle of 86
between the layers that uses the HNW LX motif (the remaining structure motifs are
shown in Figure S7). A series of twolayered parallelogram constructs with different
angles were designed by connecting 25 of these twolayer units (55; Figure 2C and
Figures S912).
When the HNW LX motif is used, the scaffold strand is continuous within each
helix (Figure 3A). Figure S9 illustrates the stepwise scaffold routing. The ends of
the helices are first connected by singlestranded loops of proper lengths, then scaffold
crossovers are placed at selected locations. This allows the scaffold strand to form
a single loop so that a typical singlestranded M13 DNA can be used as the scaffold,
with rainbow coloring representing the routing sequence (Figure 3B). Unpaired sin-
glestranded loops on the edges of the structure can prevent stacking along bluntends
of DNA helices. For this group of four different twolayered constructs with different
interlayer angles, 6752 of the 7249 nt in the scaffold strand were used. The unused
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scaffold strand (ca. 500 nt) remains looped at one corner of the structure. The Suc-
cessful formation was confirmed with atomic force microscopy (AFM; Figure 3D, with
additional images in Figures S3033). Imaging showed that the majority of structures
formed the designed shapes. The high formation yields were verified with native
agarose gel electrophoresis (Figures S1619). The relative bright spots located in the
intersections in the AFM images indicate the presence of two layers. The repeating
distance between the bright spots is about 15 nm, which matches the designed length
of four DNA helical turns in each line segment. The formation and melting processes
of these structures were observed in the presence of SYBR Green I using qPCR with
slow cooling and heating (ca. 0.1 C min1, Figures S2326). The mean melting temper-
ature of these four structures was 611. The distribution of angles between the DNA
helices in the two layers was measured on AFM images by statistical analysis.
The values were 803, 523, 292, and 202 for the four different constructs. The
narrow range of angle distributions (23 of standard deviation) demonstrates the ro-
bustness and precision of controlling relative DNA helix orientation in the neighboring
layers. These experimentally measured angles are close to the predicted values from
the geometric model (86, 61, 25, and 16). The small discrepancy may be attributed to
the assumption of the geometric model that each DX line segment is rigid and cylin-
drical. In reality, the portions of the two DNA helices between the two crossovers
actually bend outward due to electrostatic repulsions,9 which was not considered in
the simple geometric model. Nevertheless, this model still provides rational guidance
to structure design, with the angles produced matching those predicted.
We next designed a threelayered structure using scaffold LX with a predicated
angle of about 60. The repeating unit of the structure is shown in Figure 3A in both
line and helix models, with the scaffold strand (blue and green) traveling through
the three layers at each intersection via LX twice. From the top, the scaffold routing
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Figure 2.2: Twolayered Constructs of 5 × 5 Parallelogram Lattices With Various
Angles.
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Figure 2.3: A Threelayered Construct of Framework Structure with Triangular
Cavities
(Figure 3B) shows a truncated triangle with triangular cavities. AFM images (Figure
3C) confirmed successful structure formation with triangular cavities with bright spots
at the intersections. Additional AFM images can be found in Figure S36.
A 9layered 33 lattice and a 15layered 22 lattice were also constructed (Figure
4). To directly reveal the native 3D feature of the assembled structures, the samples
were imaged with cryoelectron microscopy (cryoEM), and individual particles could
easily be identified in the raw images (Figure 4C). Particle morphology resembles
the 2D projections of the lattice structure from the side or top. A single particle
reconstruction technique was used to solve the structure of the framed complex. The
detailed reconstruction procedure can be found in the Supporting Information. The
reconstructed 3D particle confirms that the structures assembled match the designed
models (Figure 4D). Twofold symmetries in the top, front, and side views were iden-
tified. The measured dimensions of the structures were approximately 40 nm wide
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and 20 nm high for the 9layer 33 lattice structure and 40 nm wide and 40 nm high
for the 15layer 22 lattice structure. The smaller cavities (ca. 22.5 nm wide) expected
on the side views were not clearly visible due to the limited resolution (ca. 2.4 nm),
but a wavy surface indicated their existence.
The formation of 3D compact solid origami structures with parallel DNA helix
alignment usually requires relatively long annealing times (¿ 30 h) to avoid kinetic
traps, as well as high magnesium (Mg2+) concentrations in the buffer (about 1530
mm) to suppress electrostatic repulsion of the negatively charged phosphate back-
bones between adjacent helices.7a The structure formation of the framework 3D
structure was tested in a set of buffer with a Mg2+ concentration titrated from 0
to 20 mm. The agarose gel images shown in Figures S21 and S22 show sharp bands
starting from the lanes with 8 or 10 mm. The samples formed in 12 mm Mg2+ buffer
were imaged with cryoEM (Figures S35 and S36), and the results indicated high for-
mation yield. Therefore, compared with solid structures, our framework 3D DNA
structures are more readily formed because of less electrostatic repulsion between the
DNA helices and greater accessibility for helper stands to be incorporated into the
growing structures.
2.4 Conclusions
In summary, we demonstrated a reliable design method for engineering 3D frame-
work DNA origami structures with various pore shapes and sizes by using LX motifs.
These motifs allow nonparallel alignment of DNA helices in a layerbylayer fashion
with predictable angles and geometries. Like DX molecules and multiarm junction
motifs, the LX motif enriches the structural DNA nanotechnology toolbox. Our re-
sults show that the LX motif is useful for generating DNA origami with finite sizes,
and it could be applied to the tilebased selfassembly for the growth of 2D or 3D
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Figure 2.4: A 9layered 3 × 3 Latticed Framework Structure and 15layered 2 × 2
Framework Structure.
crystals. Unlike traditional multiarm junction tile with no outofplane extension that
yields a single 2nm thick layer[28], LX tiles can build 2D DNA crystals with control-
lable geometries and depths. The porous feature of framework DNA nanostructures
also offers new opportunities for several applications. For example, DNA origami
can serve as a template to guide the synthesis and control the ultimate geometry
of heteronanomaterials.[57] Framework DNA structures could serve as templates to
synthesize porous nanomaterials with novel properties, such as catalysis [58] or light
harvesting.[59]. Furthermore, framework DNA structures can serve as scaffolds to
organize enzymatic reactions in a 3D periodic style. Reaction efficiency has already
been improved by using 2D DNA origami or DNA origami containers to localize
enzymatic reactions.14 The Diffusion of reaction intermediates from one enzyme to
another is a crucial step for efficient enzymatic reaction cascades. In 1D or 2D DNA
structures, intermediates can diffuse away to the bulk solution, limiting coupling ef-
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ficiency. Unlike traditional origami structures with only one surface available for
enzyme attachment, the framework origami structure engineered here can organize
enzymes in a 3D latticed structure. The porous features of framed structures allow
rapid diffusion of the intermediates within the structure and reduces their escape
into the local reaction environment. Overall, the framework DNA structure based
on the LX motif provides new opportunities for DNA structures in a wide range of
applications.
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Chapter 3
LAYERED-CROSSOVER TILES WITH PRECISELY TUNABLE ANGLES FOR
2D AND 3D DNA CRYSTAL ENGINEERING
Adapted with permission from Hong, Fan, et al. Layered-crossover tiles with
precisely tunable angles for 2D and 3D DNA crystal engineering. J. Am. Chem. Soc.
. 2018 140,14670-14676. Copyright 2018 American Chemical Society
3.1 Abstract
DNA tile-based assembly provides a promising bottom-up avenue to create de-
signer two-dimensional (2D) and three-dimensional (3D) crystalline structures that
may host guest molecules or nanoparticles to achieve novel functionalities. Herein, we
introduce a new kind of DNA tiles (named layered-crossover tiles) that each consists
of two or four pairs of layered crossovers to bridge DNA helices in two neighboring
layers with precisely predetermined relative orientations. By providing proper match-
ing rules for the sticky ends at the terminals, these layered-crossover tiles are able
to assemble into 2D periodic lattices with precisely controlled angles ranging from
20 to 80. The layered-crossover tile can be slightly modified and used to successfully
assemble 3D lattice with dimensions of several hundred micrometers with tunable
angles as well. These layered-crossover tiles significantly expand the toolbox of DNA
nanotechnology to construct materials through bottom-up approaches.
3.2 Introduction
The programmability of DNA enables the bottom-up construc-tion of designer
molecular structures from bottom-up that can be widely used in nanorobotics, nano-
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photonics, smart drug deliveries, templated material synthesis, and so on.[9, 60, 61]
Generally, the assembly of DNA nanostructures uses one of the two main methods,
DNA origami-based or DNA tile-based self-assembly. For DNA origami, a long scaf-
fold strand is used to assist the assembly of hundreds of shorter strands (15 60-nt)
into a predetermined shape.[37, 62, 55, 38, 63] Recently, the design of single-stranded
DNA origami has also been reported that a single stranded DNA is able to fold itself
to form designer structures up to 10, 000 nucleotides.[64] In a tile-based assembly,
the shorter strands generally will first assemble into unique or identical unit tiles,
which then further assemble into higher ordered finite structures with well-defined
boundaries or infinite 2D tessellations and 3D crystals. Using DNA tiles for 2D
tessellation attracts lots of interest because the programmability of DNA enables a
variety of mathematic tessella-tions in nanoscale, which may lead to the discovery
and con-struction of novel materials. For example, using a single type of regular
polygons (such as squares, equilateral triangles and regular hexagons) to tessellate a
plane, referred as regular tes-sellations, has been achieved by using various symmetric
mul-tiple-arm junction DNA tiles. To create more complicat-ed 2D patterns other
than regular tessellations, such as Archi-medean tessellations, the symmetry of the
assembly tile units need to be reduced. There are two ways to reduce the assembly
symmetry, one is to use multiple tiles with various geometries[65], another one is to
break down the symmetry of a single tile.[66, 67] Its also possible to further reduce
the assembly symmetry to create even more complicated quasicrystal pat-terns. The
3D crystals with predefined geometry can be implemented to host guest molecules to
construct new materials from bottom-up approaches and possibly to scaffold proteins
for structure determination.[20]
To engineer more diverse and complicated 2D and 3D crystal patterns, new DNA
motifs and assembly strategies need to be invented. The layered-crossover motif,
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Figure 3.1: The Design of Layered-crossover Tile for Non-regular Tessellations.
which is a derivative from the traditional double crossover DNA motif[25], has been
previously used to construct 3D framework DNA origami structures.[68] Herein, we
implemented the layered crossover motif to construct a set of rhombus-like layered-
crossover DNA tiles with precisely tunable orientation angles to achieve non-regular
tessellations. Moreover, the layered-crossover tile can also be designed to assemble
into 3D crystals with dimensions up to hundred micrometers.
The rhombus DNA tile with layered-crossovers is composed of two double crossover
DNA molecules that are laid in two layers with a pre-determined angle (Figure 1 and
Figure S1). Unlike the traditional double crossovers that hold DNA heli-ces in parallel
style in the same plane (two of such crossovers are visible in Figure 1B, the cutoff
view), the layered-crossovers are able to allow non-parallel alignment of DNA helices
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between layers and create the third-dimensional inter-action with a defined geometry.
The relative orientation be-tween DNA helices in neighboring layers can be precisely
controlled through the combination of different available lay-ered crossovers along the
DNA helices (Figures S2-S4). By taking the advantage of this property, we firstly
constructed a set of two-layered DNA tiles with many defined angles to fill 2D space
with intended angles of approximately 90, 75, 60, 45, 30, and 20 degrees.
3.3 Design
To design a layered-crossover tile, the key is to find the opti-mal positions to create
a crossover pair between the layers to immobilize the orientation of the DNA helices.
Similar to the traditional double crossover that has the smallest distance between the
parallel DNA helices, the layered-crossovers would give the closest distance between
layers of DNA heli-ces as well. Consequently, the position to create a layered-crossover
should be located at the top or bottom of the DNA helices. When the DNA helices
have been aligned with a de-sired angle, a layered crossover can be created to allow
a DNA strand to travel between layers through the backbone of the closest bases
between layered helices, which fixes the orienta-tion angle (Figure S5). Based on
the rules above, we used Tiamat software to design a set of layered-crossover tiles
with various angles by using the different combination of layered crossover pairs. The
strand pathways of each tile were shown in Figure 2A.
3.4 Results and Discussions
To gain insight and quantitative analysis of the designed tiles, coarse-grained
molecular dynamics simulations were per-formed using oxDNA. The oxDNA model
is a coarse-grained DNA model that captures the structural, thermodynamic and
mechanical properties of both single-stranded DNA and dou-ble-stranded DNA, which
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has been previously used to charac-terize a range of DNA nanostructures and active
devices.[69] The orientation angle of the DNA tiles in the simulation was measured
by the angle between the vector connecting the dou-ble crossovers in the top layer
and the vector connecting the double crossovers in the bottom layer (Figure S6).
Snapshots of the simulated DNA tile conformations are shown in Figure 2B (more
design and simulation details of the structure can be found in Figures S7-19). The
angle distributions of the six simulated designs are shown in Figure 2C, which are 83
7, 76 6, 55 5, 45 5, 28 4, and 20 4, respectively.
We hypothesized that the 2D lattice formed by these tiles would have a smaller
angle variance due to constrains from binding of neighboring tiles. To verify the
assumption, we simulated a small 33 lattice using oxDNA using the different tiles
and measured the angles to be 84 4, 77 4, 56 4, 46 4, 27 3, and 20 3, respectively,
which indeed showed a significant decrease of the angle variance (Figures S20-S27).
We then move to the experimental validation of the designs. Considering the
layered-crossover tile with a predicted angle of 83 degrees as an example (Figure 3A),
as the layered-crossover DNA motif might have a certain degree of curvature, both
corrugated and non-corrugated designs have been at-tempted to assemble the 2D crys-
tal. The assembly of single tile unit and high-order structure by the tile have been
verified by native gel electrophoresis (Figure S28). The corrugated assem-bly strat-
egy used a single tile and considered the two-layered structure that is geometrically
different from that of the tradi-tional single-layered tiles[27]. For a single type of tile
to assem-ble together in a corrugated manner, the neighboring tiles have to flip 180
degrees along y-axis and then rotate around z-axis about 83 degrees to match the par-
ing rule (Figure S29). Figure 3B (first row from the top and Figure S30) shows AFM
images demonstrating the 2D periodic patterns from the corrugated design (results
from non-corrugated designs can be found in SI, Figure S31). No significant difference
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Figure 3.2: The Simulation of the Layered Crossover Tiles with Coarse-grained
OxDNA Model.
between the corrugated and non-corrugated designs was found (Figure S32). The an-
gle of a number (¿ 20) of 6 6 lattices on AFM images was meas-ured to be 81 2
(mean SD) with the corrugated design tiles, which has a narrower distribution and
matches well with the calculated angle from the coarse-grain model simulation.
We further experimentally tested the tessellation of the rest of tiles with the model
simulated angles of 76-, 55-, 45-, 28-, and 20-degrees. Since no difference was found
between the corrugated and non-corrugated designs, the assembly of the 76-degree-tile
employed the corrugated connection strategy, and the others used the non-corrugated
assembly design. It is noted that the smaller is the angle between the layered DNA
helices, the longer the distance between the pair of layered crossovers is required. The
length of the overall helices of 28- and 20-degree-tiles was therefore extended by one
DNA helical turn to adopt a longer distance between the layered-crossover pairs. All
the tiles are able to grow into 2D tessellated plane (Figure 3B, additional AFM images
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are shown in Figures S33-S37). The measured angles of the helices in the 2D lattices
are 73 2, 59 2, 49 2, 34 2, 25 1 degrees, respectively (Figure 3C), matching the
model prediction very well (Figure 3D). The an-gles calculated from the simulated
conformation and angles measured from the AFM images are all close to the intended
angle during the design based on a simple geometric considera-tion. The coarse-grain
model was able to give reasonable in-formation to the design of layered crossover
tile prior to exper-imental trials. The small discrepancy between the experimental
value and the model predicted value of the lattice angle may be attributed to possible
inaccuracies of the structure representa-tion in the model due to its coarse-grained
nature, as well as the AFM imaging conditions used in the experiment. During AFM
imaging, as all the lattices are forced to attached to the mica surface, which may cause
expansion of the angles espe-cially for those with smaller angles. In addition, the ion
bridge between the DNA lattice and mica constrain the DNA lattice movement, which
narrows the angle distribution.
We also observed tube formation in all assemblies of the designed tiles under
AFM (in the mixture of small stripes of 2D arrays). Tube formation is a common
phenomenon in the DNA tile-based self-assembly.[70] When the tiles grow into larger
patches of 2D lattices, and the enthalpy gain through pairing the edge sticky ends
is able to compensate the entropy loss of the tube closing, the lattice would tend
to curl and close up into tube structures to minimize the free energy of the system.
It is interesting to note that comparing the tubes formed by the 83-degree-tile with
the tubes formed by the 55-degree-tile, the former consistently have a larger tube
diameter (Figure S38). Two factors may contribute to the difference. One is the
difference between the tiles intrinsic flexibility and curvature, which is difficult to
quantify experimentally. The second is the difference between the orientation angles
of the unit tiles. To fold a sheet of 2D array of the same dimension into a tube, for
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Figure 3.3: The 2d Tessellation by the Layered-crossover Tiles with Predefined Ori-
entation Angles. The Colors of the Sticky Ends Represent the Matching Properties:
Red Matches Orange and Light Green Matches Green.
the tile array with a smaller angle, more edge offset is shifted to accommodate the
sticky ends association, which results in a smaller diameter (Figure S39).
Surface substrates, such as mica [71] and lipid bilayer[72], have been previously
explored to aid the assembly of DNA nanostructures in 2D to reduce the effect of
flexibility and intrinsic curvature of the tile. We hypothesized that the elec-trostatic
interactions between the DNA-tile and the mica surface would confine the tiles as-
sembly on the 2D surface thus prevent tube formation (Figure 4A). To achieve a
successful 2D lattice assembly supported on the mica surface, the tile concentration
should be optimized to avoid over-crowding or too low material coverage. Using a
31
wide range of concentra-tions for the assembly (Figure S40), we found that approx-
imately 40 L of 5 nM (200 femtomole) of DNA tile (76-degree-tile) could cover the
whole surface (mica disc, diameter of 10 mm) with nearly 100% coverage (Figure
4B-D), while the tile concentration required in solution-based assembly usually are
at 100L of 1 M (100 pmole) scale. Additional AFM images for the tiles with other
angles are shown in the SI, Figures S41-43. No tubes were observed under the condi-
tion of the mica surface-mediated assembly. Defects included miss-matched tiles at
the domain boundaries, and a tile or two missing in the middle of the domains, which
are related to the nucleation and growth rates on the surface and damages by the
scanning AFM tip, respectively. tips as subsequent imaging of the same area shows
more defects. Domain boundary defects are also visible reflecting that the different
domains are grown separately from different nuclei on the surface until they touch
one another.
We further tried to extend the growth of layered crossover tiles to 3D crystal en-
gineering. Although it seems straightforward to simply extend the current 2D design
to a 3D growth, the experimental assembly conditions of 2D and 3D crystals are quite
different, thus some structural modifications are necessary to make the assembly suc-
cessful. Generally, in a 3D crystallization setup, a relatively high concentration of
DNA units (100-300 M) is required to form micrometer sized crystals. This concen-
tration is orders of magnitude higher than that used in the 2D assembly. This high
concentration requires that the interactions between the units should remain very
weak to avoid too fast nucleation, which may result in many tiny crystals rather than
a few big crystals. In addition, the topology of the strands in the unit should be as
simple as possible to avoid undesired interactions that cause irreversible aggregations
and kinetic traps.
The tile units for 2D lattice consist of 12 different strands including some long
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Figure 3.4: Surface Mediated Assembly of the Layered-layered Crossover Tile With
76-degree-tiles.
strands (¿ 60 nucleotides) and relatively complex routing topology because of the 4
layered-crossovers. Therefore, they are more prone to have errors both in terms of
stoichiometry and sequence under the 3D crystal assembly conditions. To reduce the
number of strands and topological complexities in the unit, a pair of layer-crossover
points were removed and a symmetry design rule was applied, so that only 5 strands
were used (Figure 5A and G). In addition, the sticky ends were reduced in length to
avoid weaken the interactions, and the arm lengths were also reduced to avoid long
strands.
For a tile with an orientation angle , to adopt a 3D growth, the tile needs to
rotate angle and then shift one helix layer up or down to match the paring rule.
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Consequently, the pattern of the assembled 3D crystal will depend on the orientation
angle of the layered crossover tiles. For a proof of concept, we de-signed two layered-
crossover tiles with different orientation angles, 90 and 60 degrees, respectively. All
the sticky ends are 1-nt long, and each arm is shortened by one helical turn. To
match the sticky ends of one unit, the neighboring units were designed to rotate their
orientation angles either 90 or 60 degrees in plane with respect to that unit and then
shift one helix (Figures 5B and 5H, Figure S44) layer up or down, leading to a 3D
growth. Based on such defined matching rules, the final crystals are expected to have
a 4-fold and 6-fold helical symmetry that have square or hexagonal repeating patterns
from the top view, respectively (The detail of the designed tiles are shown in Figure
S45 and S46).
With these symmetries, the angles of the tiles in the crystals are assumed to be
90 or 60 degrees for an extended 3D crystal to be able to form, respectively. The
simulated structures and angle calculations (84 5 and 59 5 degrees, respectively) of
tile in the crystal assembly based on the oxDNA model are shown in Figure 5C&I.
The angle distributions of the free tile (74 9 and 52 5 degrees, respectively) are also
simulated and shown in Figures S47 and S48. The wider angle distributions of the
free tiles compared with that of the tiles used for the 2D growth may be because of
the 2-point contact used here in-stead of 4-point contact between the two layers.
The formation of the unit was checked by native gel electrophoresis (Figure S49).
Observed using optical microscopy under polarized light, the assembled crystals from
the two designs both have a thin sheet morphology with x-y dimensions up to several
hundred micro-meters (Figure 5E and 5K). Additional crystal images can be found
in Figures S50 and S51. We gently broke the selected crystals harvested from the
crystallization buffer into smaller pieces and applied negative staining to observe the
crystalline structural pattern by TEM. For the square design, the TEM images from
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Figure 3.5: 3d Crystals Assembled from Layered-crossover Tiles with Two Different
Angles, 90 and 60 Degrees.
two different projections are shown in Figures 5F and L (additional TEM imag-es can
be found in Figures S52-53), from which we observed the parallel lines and square
grid patterns, respectively. The images reconstructed from Fast Fourier Transform
(FFT) of the TEM images indicate that the distance between the parallel lines in the
side view and the dimensions of the cavities from the top view are about 4.3 0.2 nm
and 11.9 0.4 nm, respec-tively, which match with the designed crystals based on the
dimensions of the DNA tiles (two layers of DNA helices and 4 full helical turns). For
the hexagonal design, only the hexag-onal pattern from top view was observed. The
side length of the hexagonal cavity is measured to be about 14.9 1.1 nm in TEM
images, while the designed length is 15.3 nm (the calcula-tion of the designed length
is shown in Figure S54). The angles of the cavity of the two assembled crystal in the
TEM images are measured to be 85 3 and 59 5 degrees, respectively, slightly deviated
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from the expected 90 or 60 degrees, which may be likely due to the incident angle of
the electron beam in the TEM imaging not perfectly parallel with the symmetry axis
of the crystal being analyzed.
The design of square 3D crystal unit was also tried for 2D assembly by increasing
the sticky end length and changing the paring rule, but no 2D lattice was successful
assembled, indi-cating that the simplified 3D design may not be suitable for 2D
assembly (Figure S55). The reason may be that the strong interactions between
the crossovers may distort the tile from desired alignment (detailed discussions can
be found in the Section 7 of the supporting information ).
3.5 Conclusions
In summary, we have demonstrated a new DNA tile motif that can be applied to
construct both 2D and 3D DNA crys-tals. Unlike previous multi-arm junction tiles,
the layered-crossover tiles presented here provide a new control parameter, the orien-
tation angles between helices, which result the tile-based self-assembly with precise
lattice angle controls in both 2D and 3D. The periodic rhombic lattices with tunable
angles can provide a new platform for molecule or nanoparticle organization to achieve
novel properties. For example, the intercept angle between two nanorods have been
proved to have great influence on their interaction with circularly polarized light.[73]
It is possible to implement the angle-controlled lattice to organize gold nanorods in
periodic arrays to achieve devices that may extensively enhance the light tailoring
capability. Moreover, the 3D crystals constructed from the layered-crossover tile are
in a dimension of several hundred micrometers. They can act as host materials to
organize objects from molecular scale to macroscopic scale. The layered-crossover
tiles enrich both the structural diversity and functionality of DNA nanostructures.
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Chapter 4
DE-NOVO-DESIGNED ULTRA-SPECIFIC RIBOREGULATORS
4.1 Abstract
Recognizing single-nucleotide polymorphisms (SNPs) in cell genome or even a
single nucleotide epigenetic modification in a transcript is crucial for precise gene reg-
ulation in synthetic biology, identification of gene functionality in molecular biology,
and specific molecular diagnostics. Here, we report the de-novo-designed ultra-specific
riboregulators (USR) that are capable of recognizing SNPs in a string of RNA tran-
scripts in both living cells and cell free systems. The RNA targets that have perfect
binding are able to induce the protein expression, while the spurious target with a
SNP cannot significantly elicit the translation and provide near background expres-
sion levels, which provide a profound discrimination factor up to 150 fold. The
designed USRs are even able to respond to a few epigenetic modifications along the
target transcript, like as few as two m6A modifications or single 2-O-methylation. The
USR system is easy to design with automated algorithm and can be implemented for
practical uses such as human genotyping, liquid biopsy, and strain-specific virus de-
tection. The facile design pipeline and extraordinary discrimination performance of
the de-novo-designed USR system enable it for a diverse range of applications from
fundamental exploration in molecular biology to practical biotechnologies.
4.2 Introduction
The genetic variations occurring in cell genomes, such as single nucleotide poly-
morphisms (SNPs), are often the driving forces in biological processes such as evo-
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lution and pathogenesis. Small variations in genomes or RNA transcripts may cause
dramatic and far-reaching phenotypic changes and even fatal diseases. [74] Other than
SNPs, small chemical group changes in the RNA transcript, knowns as RNA modifi-
cations, are gaining attention because of their important roles in mRNA metabolism,
as well as in various cellular, developmental, and disease processes. [75] Recogniz-
ing and responding to both the SNPs and modifications on RNA transcripts are of
great importance. For example, a molecular tool that is capable to recognize SNPs
in cellular environment can help to detecting emergence of mutations, variations in
cell populations. Practically in molecular diagnostics, it can also be applied to SNP
detections from virus, bacterial, and human genomic sample to achieve a rapid, fast,
low cost platform.
Regulatory components based on RNA interactions have provided a convenient,
predictable, and programmable route to developing new tools for deciphering cellu-
lar function and for solving practical biotechnological problems. Such RNA-enabled
tools have been used for control of gene expression [76, 53], genome editing [77], ther-
apeutics [78], and nucleic acid detection [79, 80]. In particular, riboregulators that
modulate gene expression at the transcriptional or translational level in response to
cognate small RNAs have enabled the detection of transcripts with nearly arbitrary
sequences in living cells, the implementation of multi-input Boolean logic circuitry,
have provided protein-like dynamic range, and have been deployed in low-cost diag-
nostic devices. [81, 49, 51] These riboregulator systems have harnessed regulatory
motifs evolved in nature and those developed de novo for achieving these functions.
Despite advances in dynamic range and orthogonality, the development of RNA-
based regulators with specificity down to single-nucleotide resolution still remains a
daunting challenge. To date, gene regulation motifs are unable to recognize SNPs in
transcripts in living cells with large dynamic ranges of protein expression. The main
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reason is that the tiny difference caused by the SNPs is always hidden in a compli-
cated cellular environment. However, it holds great opportunities to achieve more
precise gene regulation for complicated circuit constructions and tools for cell evolu-
tion study. On the other hand, despite a couple of SNP detection methods have been
developed in vitro, they suffer from important limitations. For example, hybridization
probes and qPCR are the most widely used methods to access SNPs, but they can
only be implemented in well-established labs due to the need for sophisticated and
costly equipment.15 Pardee et al. developed a method called NASBACC that can
detect single nucleotide variations among different strains of Zika virus genomes, but
the requirement of protospacer adjacent motif (PAM) sequence limits the applications
of NASBACC and related CRISPR/Cas9-based methods to only to a portion of the
mutations.16 In the CRISPR-associated protein family, the protein C2c2 (also known
as Cas13a) and Cpf1 (also known as Cas12a) are found to have collateral cleave effect
on RNA and DNA, respectively, which has been implemented to develop nucleic acid
detection assay such as SHOLOCK [82] and DETECTOR [83]. The CRISPR-based
diagnostics can be engineered to have single nucleotide specificity by adding proper
mismatches upon biding to the target. Although these techniques have shown very
high sensitivity and versatility, the use of RNA-based probes and guide RNAs in
SHERLOCK may limit the long-term stability of the assay in the absence of refriger-
ation and affect results from samples with high RNase activity. Furthermore, the all
the CRISPR-based system will suffer from the sequence constrains along the target
sides to a certain degree.
Here, we describe a new type of riboregulator (USR) designed from the first prin-
ciples that is capable of differentiating sequence variations down to a single base in
a target RNA both in living cells and cell-free systems. These ultraspecific riboregu-
lators (USRs) are designed from first principles and activate translation of a gene of
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interest upon binding a target RNA with a perfectly matched sequence. If the tar-
get RNA has a single-nucleotide change or SNP, this sequence modification causes a
substantial thermodynamic penalty to prevent activation of the riboregulator. Thus,
the riboregulator can only be fully activated when it binds to a perfectly matched
target RNA. Target RNAs with single-base substitutions, insertions, and deletions do
not elicit a significant response from the riboregulator and provide near background
expression levels. Moreover, we demonstrate that USRs can provide specificity be-
yond the single-nucleotide limit by detecting target RNAs with epitranscriptomic
modifications, including those with a single methyl group modification in their RNA
sequence. The ability of USR to reliably detect single-base changes in RNAs suggests
far reaching implications for these systems as both critical tools for cell biology studies
and as diagnostic devices for extremely precise and personalized detection of disease.
Integration of the USR systems into paper-based and/or temperature-stabilized, low-
cost diagnostic systems will enable the detection of drug-resistant pathogens, such
as artemisinin resistant malaria and drug-resistant forms of HIV. Furthermore, they
have the potential to be used for early cancer screening for known oncogenic muta-
tions or in personalized diagnostics to monitor the progress of treatment once the
genetics of a patients cancer is known.
4.3 The Design Principle of USR
The activation of translation in a riboregulator is caused by the conformational
change from an OFF state to an ON state upon the binding of a specific target RNA.
The transition between the two states can be regarded as a chemical equilibrium with
a defined change in reaction free energy given by the free energy difference between
the two states. The activation process is driven forward by a negative free energy
change from the OFF state to the ON state. When a point mutation is made to the
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target RNA, this modification leads to a mismatch in the duplex formed between the
target and USR that will decrease its stability and apply a positive energy penalty for
the hybridization reaction compared to the perfect duplex. This general approach has
previously been applied to for developing highly specific probes.[84, 85, 86, 87] Based
on the above physical rules, a riboregulator can be designed with an exquisite energy
balance to recognize the SNPs occurring in its target, whose free energy change from
OFF sate to ON state is negative when bound to a perfect target RNA to drive the
activation of the gene translation. However, with a spurious RNA target, the energy
penalty brought by the SNP will push the reaction free energy of the transition from
OFF to ON state to a positive value, leading to the inhibition of the translation.
Theoretically, since any modification to the target RNA in the USR binding region
can induce an energy penalty and in turn shift the equilibrium between the OFF
and ON states, USRs is able to discriminate any modifications to the sequence of the
target RNA.
To realize the concept above, we incorporated four different functional regions into
the USR design: the docking region, the energy balancing region, the translation ini-
tiation region, and the gene encoding region (Figure 1A). The docking region, which
is required for optimal USR performance, consists of a long hybridization region that
is used to capture the target RNA. This interaction brings the target RNA and USR
together to effectively form a single RNA complex through a strongly thermodynami-
cally favored association. The length of the docking region is 20 nts or more in length
to ensure essentially irreversible association of the complex at the typical temperature
of the reaction. Thus, all subsequent interactions between the USR and target RNA
are effectively intramolecular reactions. The translation initiation region contains the
ribosomal binding site (RBS) encoding the Shine-Dalgarno sequence and the start
codon. In the OFF state of the switch RNA, the translation initiation region is se-
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Figure 4.1: Design Principles and Flow Cytometry Measurements of Ultraspecific
Riboregulators (USR).
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questered by a hairpin structure that is not accessible to the ribosome. However, in
the ON state after binding of the target RNA, the translation initiation region adopts
a linear structure that can be recognized by the ribosome to begin translation of the
downstream linker and output gene. The gene encoding region is immediately down-
stream of the USR hairpin and begins with a 21-nt linker domain that encodes an
RNA sequence designed to minimize potential base pairing with the three upstream
regions. The open reading frame of the desired output gene for the USR follows im-
mediately after the linker. We examined if this new riboregulator design with both
the RBS and AUG sequestered in the loop region could inhibit gene expression. We
found that translation can be effectively inhibited in the absence of the target RNA
and activated by the cognate target RNA (Figure S1).
The energy balancing region of the USR is the key to establishing the ultra-
specific sequence recognition through a competitive interaction between its OFF and
ON translation states, based on the concept of toehold exchange strand displacement
reaction 23. It contains a short forward toehold (generally 2 6-nt long), which can ini-
tiate the branch migration reaction to open the hairpin structure of the switch. Such
short toeholds have previously been demonstrated to be ineffective for activating toe-
hold switches 11, since they do not provide sufficient binding energy to reliably initiate
trigger-switch binding. However, by establishing a quasi-unimolecular target-switch
RNA complex through the docking region, we effectively co-localized the short toe-
hold and the complementary domain of the trigger thus promoting an intra-molecular
toehold-mediated strand-displacement reaction that would be very unfavorable in an
equivalent bimolecular reaction. The forward toehold domain is separated from the
docking region by a 10-nt spacer. When the target RNA binds to the docking site
and the forward toehold domain, a bulge of 10-nt long is formed through the spacer
region. The introduction of this large bulge is aimed to provide an entropic contri-
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bution for the strand displacement reaction to match that of the hairpin loop, which
disappears when the hairpin opens and the USR is activated.
The target is not fully complementary to the stem of hairpin, but leaves a few nu-
cleotides at the top of the hairpin undisturbed to serve as a balancing reverse toehold
for backward strand displacement by the hairpin itself. Therefore, the competitive
reaction between the forward and reverse reaction drives the switch to ON and OFF
states (state A and stage B, respectively, in Figure 1) of gene translation through
a toehold mediated competitive reaction. Ideally, the thermodynamic driving force
between the state transition is dominated by the binding energy difference between
the forward and reverse toehold, which can be programmed through the sequence and
length of the two toeholds.
From a thermodynamic perspective, if only the initial OFF state and final ON
state are considered, the equilibrium between these two states is determined by their
free energy difference, designed to be about -1 kcal/mol by considering the trade off to
maximize the gene expression and differentiation factor. Therefore, the equilibrium
favors the ON state with a distribution of ON state over 83.6% (Supplementary Note
3, Figure S3). If any base in the target region is mutated, each mismatch in the
double stranded region of ON state will add an energy penalty of approximately 4
kcal/mol to the equilibrium (Supplementary Note 2, Figure S2). The energy difference
between initial OFF state and final ON state is approximately 3 kcal/mol, which is
very positive and ensures that the equilibrium will shift strongly toward OFF state,
leading a distribution of ON state less than 0.8% (Figure 1A). Therefore, the ON
state distribution upon binding to a correct target is over 100-fold higher than the
distribution upon binding a mutant target with single nucleotide change.
Finally, for the perfectly matched target RNA, the favored ON state configuration
will transition to a fully open form with an exposed RBS and start codon enabling
44
efficient translation of the output gene. This final transition occurs because the reverse
toehold (red domain in Figure 1) is short enough for it to unwind spontaneously at
typical reaction temperatures.
4.4 Biochemical Modeling of the USR Function
To gain deeper insights into the mechanisms of how USR responses to the single
nucleotide variance in the target and guide the design, we constructed a detailed bio-
chemical model using a set of ordinary differential equations that capture the effects of
switch and target RNA transcription, the associations between the target and switch,
the competitive reactions between the OFF state and the ON state of target-switch
complex, and gene translation, and RNA and protein degradation (Supplementary
Note 4). We intended to study how the reaction energy influences the discrimina-
tion capability and find out the optimal reaction energy allowing both a high level
of protein expression and discrimination of spurious target from correct target. To
quantitatively evaluate discrimination performance, we defined a differentiation fac-
tor, which equals the ratio of correct target induced protein expression level to that of
mutant target induced. Using this model, taking both the gene expression level and
discrimination factor into consideration, the optimal reaction energy is approximately
-2 to -1 kcal/mol.
4.5 Validation of the Deisgn Principle In Vivo
USR systems designed in silico based on the rules above were tested in E. coli
BL21 Star DE3 with the switch and trigger RNAs transcribed from separate medium
and high copy number plasmids, respectively. Expression of both RNA strands was
induced using IPTG, which activated production of both RNA species through T7
RNA polymerase. Green fluorescence protein (GFP) was encoded downstream of the
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USR and was used to characterize the riboregulator discrimination performance via
flow cytometry. Representative flow cytometry histograms of GFP output for the
design are shown in Figure 1B. The fluorescence of cells expressing the switch and
non-cognate target was near that of the background cell auto-fluorescence, indicating
negligible leakage in GFP expression. Upon testing a plasmid encoding the correct
target (CT) in the cell, the expression of GFP increased substantially, reaching a
ON/OFF ratio of over 100. The histograms of GFP output from the cells that
produce the switch and five target RNAs with point mutations at different locations
(at positions of 34, 38, 41, 45, and 48, counted from the 5 end of the target) are shown
in Figure 1B. The differentiation factor for each mutant target is shown in Figure 1D,
which is over 100, indicating that the mutant target is only able to cause less than
1% of protein expression compared to the correct target.
Since the USRs are designed based on a sensitive energy balance between the
ON and OFF states, in principle any sequence changes in the SNP-sensitive region
will result in an energy penalty that shifts equilibrium to the OFF state to enable
discrimination. We thus sought to evaluate the specificity of the USR design by
testing the riboregulators against different sets of targets having three types of single-
base mutations: substitutions, insertions, and deletions. As shown in Figure 2A, the
first mutant target set contains different single-base substitutions at each position
along the 21-nt long SNP sensitive region of the trigger RNA, The second mutant
target set contains all types of substitutions, insertions, and deletions at positions 36
and 42 of the trigger RNA. Using custom software based on the NUPACK software
package, we found that the correct target gives reaction energy of -1 kcal/mol for
the transition to ON state, while almost all of the mutant targets give a positive
reaction energy of 2.5 kcal/mol or more. The reaction energies of mutant targets
with SNP at position 29 and 49 are only slightly positive. These mutations are
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Figure 4.2: The USR System Enables Differentiation of All SNP Types in Living
Cells.
located at the two ends of SNP-sensitive region and only have one neighbor base
stacking, which should give less effective discrimination capability in principle based
on the nearest neighbor model.[88] As shown in Figure 2B, the designed riboregulator
has discrimination factors of over 100 tested in living cells for most the of mutant
targets. The discrimination factors are relatively lower if the mutation is located at
the end of SNP-sensitive region due to a lower energy penalty or weaker kinetic traps.
To further challenge the SNP discrimination capabilities of the USRs, we examined
a third set of mutated targets that turn a Watson-Crick base paring into a Wobble GU
base paring along the SNP-sensitive region. The GU wobble base pair is a ubiquitous
47
feature in RNA secondary structure that has comparable thermodynamic stability
to canonical Watson-Crick base pairs. [89] As shown in the green region of Figure
2D, the mutation of C to U gives relatively lower energy penalties compared to other
substitutions. The second type of GU wobble mutation, defined by the conversion of
A to G, yields energy penalties that are so small that the reaction energy is expected
to remain negative according to the current thermodynamic model of RNA. Despite
the very close free energy of AU and GU base pairs, GU pairs have unique structural
properties that can influence the stability of RNA duplex, which are not accounted
for in the current thermodynamic model. For example, GU base pairs can not only
introduce a pattern of over-twisting/under-twisting of the RNA double helix, but
also can cause more flexibility in the double helix because they are conformationally
soft [89]. We hypothesized that such structural differences in switching conformation
could contribute to an energy penalty to enable GU wobble discrimination. Indeed,
the targets have the mutation of A to G or C to U give significantly lower GFP
expression. The switch still has a discriminating factor of over 100 on the mutant
target with mutation of C to U and reasonable discrimination factor for the mutant
target with mutation of A to G, which indicate our hypothesis is correct. We plot the
reaction energy and corresponding experimental factors on a log scale of all the target
variants together and find a strong correlation between them with a co-efficient of
determination R2 = 0.668. The USR design concept based on the equilibrium system
can also be applied to previously reported toehold switch designs (Supplementary
Note 6, Figure S4).
4.6 Recongnition of Epigenetic Modifications on a RNA Transcript
Since USRs could discriminate between base pairs with nearly identical free en-
ergies, we proceeded to evaluate USRs exposed to trigger RNAs having chemically
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Figure 4.3: USRs Enable Discrimination of Target Rnas Based on Epitranscriptomic
Modifications in Vitro.
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modified bases but otherwise identical sequences. These studies employed synthetic
transcripts having N6-methyladenosine (m6A) and 2-O-methylation (2-OMe) modifi-
cations at specific locations. In recent years, such epitranscriptomic marks have been
found to broadly affect various cellular, developmental, and disease process 2, 27.
It has been reported that m6A modifications decrease the stability of RNA duplex
28, while the 2-OMe increases duplex stability 29. Since the discrimination capa-
bility of USRs relies on the thermal stability of the RNA duplex, we expected that
m6A will be more likely to repress the gene expression and 2-OMe is more likely to
facilitate the gene expression (Figure 3A). To verify this hypothesis, we applied syn-
thetic target RNA strands with different numbers of m6As or 2-OMe sites to cell-free
transcription-translation systems containing USRs regulating GFP. Cell-free systems
are a powerful platform for rapid prototyping of genetic circuits and RNA detection
systems 30-33. With an increasing number of m6A modified bases in the target RNA,
the GFP expression level decreases (Figure 3B), because the m6A modification push
the reaction energy of the two states transition toward more positive side. The re-
sults show that the designed USR is able to discriminate down to two m6A modified
bases in the SNP-sensitive region. For 2-OMe modifications, RNA targets with single
modification on all four types of bases were tested. As shown in Figure 3C, single
modification on all four different type of bases can be differentiated. With an increas-
ing number of 2-OMe modified bases in the SNP-sensitive region, an increase in the
amount of GFP expressed can be observed as well.
4.7 Automated Design In Silico and Rapid Design Prototyping with Cell-free
Systms
The USRs provide exquisitely sensitive detection capabilities and any disruption
within the energy-balancing region will affect the final discrimination performance of
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the device. Consequently, the design process of the USR requires consideration of
both theoretical and empirical factors to achieve good performance in living cells or
in cell-free reactions. To facilitate the USR design process and make these systems
be more accessible to a wider research community, we developed a software package
based on NUPACK 34 that implements an automated design and screening algorithm
for development of USRs (Supplementary Note 5). The design algorithm requires only
three user-defined inputs: the target mutation and wild-type sequence to be identified
and the sequence of the output protein. Briefly, the algorithm first processes the target
RNA and protein sequences and then generates a library of possible USR designs.
The algorithm then screens the library and scores each design based on a number of
factors, including the coding sequence, ON/OFF state free reaction energy change,
and defects in the secondary structure of the sequence surrounding the RBS. Finally,
designs assigned the best overall scores are output as candidates for experimental
study.
To demonstrate the capability of the computer-designed USRs to detect mutations
at diverse locations in a given genomic sample, we designed a set of riboregulators to
target 10 different mutations in the HIV-1 genome, including the clinically relevant
c550. A¿U mutation (M184V) that is associated with increased drug resistance.35
Although the computational algorithm can facilitate the design process, it is impor-
tant to note that experimental USR performance can be affected by multiple factors,
such as inaccuracies the parameters in RNA free energy models, the existence of
unpredictable RNA tertiary structures, and the complexity of the cell-free reaction
environment. We thus compensated for these uncertainties by tuning the USR reac-
tion energies using different length/sequence combinations of the forward and reverse
toeholds to achieve maximal sequence discrimination. Figure 4A-C shows the dis-
crimination performance of the designed USR (9 in each group with varying lengths
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Figure 4.4: Automated in Silico Design and Rapid Prototyping of USRs in Cell-free
Systems
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of the forward and reverse toeholds) for detection of SNPs in the HIV genome. Most
of them give a discrimination factor greater than 2 in terms of GFP fluorescence
intensity. Figure 4D shows that 10 designed USRs are able to differentiate their
corresponding target mutations in the HIV RNA sequences.
We also tested other USR systems designed to target 10 different clinically relevant
mutations related to cancer, the iron disorder hemochromatosis, and Plasmodium
falciparum and HIV drug resistance. Figure 4F shows that in all cases the signals
produced by the specific SNP target is significantly higher than that induced by
the corresponding wild-type target and thus provides unambiguous discrimination of
these mutations.
To provide a colorimetric detection readout, we also employed the USRs to regu-
late the gene lacZ, which encodes the enzyme -galactosidase. -galactosidase cleaves a
yellow substrate, chlorophenol red--D-galactopyranoside, to produce a purple product
that has strong absorbance at 575 nm. This color change is visible to the naked eye
and thus results in a simple colorimetric assay 16, 31. The chemicals involved in the
detection can be embedded into paper discs that is freeze-dried for storage at room
temperature and rehydrated when needed for immediate use.
We applied the design algorithm to develop USRs for colorimetric detection of
multiple clinically relevant mutations. For HIV, we selected two of the most preva-
lent mutations that occur to the viral reverse transcriptase (RT), M184V and K65R,
which confer resistance to nucleoside RT inhibitors 36. For P. falciparum, we targeted
the C580Y mutation of K13 propeller domain of the parasite, which is the dominant
mutation conferring artemisinin resistance 37, 38. The BRCA1/BRCA2 gene muta-
tions are the most frequent and key mutations for breast cancer39. Through testing
of the resulting USRs (Figure 4G-H), we found that only the mutated RNA targets
can cause the purple color change in the paper-based assays, while the WT targets
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retained the original yellow substrate color. Thus, the USRs could be designed and
implemented against multiple clinically relevant mutations for a colorimetric assay.
The ability of USRs to detect arbitrary single-base differences raises the possibility
of rapid human genotyping and identification of genetic disorders using simple cell-
free transcription-translation assays. Implementation of such tests requires successful
application of the USRs against target nucleic acids amplified from complex genetic
samples. We thus selected four SNPs from different loci strongly associated with three
different diseases: breast cancer (BRCA1-5382insC, rs80357906; BRCA2-6174delT,
rs80359550), hemochromatosis (HFE-C282Y, rs1800562), and cystic fibrosis (CFTR-
F508, rs113993960); and evaluated SNP-specific USRs using human genomic samples
of heterozygous and homozygous carriers from the Coriell repository. For comparison,
we used a genomic sample (NA16660) lacking all the above mutations as the wild-type
(WT) control.
4.8 Human Genotyping with USR
We first applied the USR design software to generate riboregulators targeting
the four SNPs in the human genome with a GFP reporter. Target loci from the
genomic samples were then amplified via PCR using primers that appended a T7
promoter site to the resulting DNA amplicon. This DNA was then added to liquid-
phase cell-free reactions containing the corresponding SNP-specific USRs whereupon
the amplicon provided a template for transcription of the target RNA. We found that
samples containing the target SNPs gave significantly higher fluorescence signals than
those generated from the wild-type sample. Moreover, the intensity of GFP fluores-
cence was sufficient to discriminate between heterozygous and homozygous carriers
in both hemochromatosis and cystic fibrosis, with the homozygous samples providing
higher signals. The USRs thus have the capability of distinguishing between gener-
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Figure 4.5: Integration of PCR Amplification with USRs Enables Human Genotyp-
ing.
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ally asymptomatic carriers and those patients who will suffer from these hereditary
disorders.
We then tested USRs with the lacZ reporter gene targeted to the cystic fibro-
sis CFTR-F508 mutation to determine if a paper-based colorimetric assay could be
implemented. Use of an enzymatic reporter we designed USR systems specific for
both WT and SNP sequences to differentiate between homozygous or heterozygous
carriers. As shown in Figure 6G-I, we found that the heterozygous sample can induce
a yellow-to-purple color change for both SNP and WT designs, while the WT sample
and homozygous mutation sample can only turn on the color change for WT and
SNP USR system, respectively.
The mild 37C operating temperatures of the USR-based cell-free reactions enables
them to be applied in portable, low-cost molecular diagnostics. For such applications,
isothermal reactions for nucleic acid amplification are highly desirable as they avoid
the use of expensive thermal cycling equipment required for PCR. To implement a
fully isothermal assay, we coupled the USR tests with recombinase polymerization
amplification (RPA) reactions 40, which allows nucleic acid amplification at a con-
stant 37C temperature. We first applied the isothermal reactions to identification of
different viral strains. Virus strain identification is of great importance to monitor the
pathogen lineage and geographic spread of an emerging outbreak. Furthermore, viral
lineage can be essential for determining the severity and potential effects of an infec-
tion. For instance, strains of the Zika virus originating from the Americas have been
linked to more severe cases of microcephaly compared to lineages from Africa and
Asia41, 42. To demonstrate direct strain identifications, we took genomic RNA sam-
ples of Zika virus strains from Africa, America, and Asia at starting concentrations of
10 fM and first amplified them by reverse transcriptase RPA (RT-RPA) for 1 hr at
37C (Figure 6A). A primer containing a T7 promoter sequence was used to append
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a T7 RNA polymerase promoter site to the amplified dsDNA product. The resulting
RNA was then added to the paper-based USR platform for detection in one-hour 37C
reactions. Sequence differences between the target RNAs for the three Zika strains oc-
cur at multiple locations and are shown Figure 6B. We found that the Zika strains all
induced the expected yellow-to-purple color change when applied to their correspond-
ing strain-specific USR, but yielded little color change with the non-complementary
USRs (Figure 6C). This change in color can be readily detected by eye in a panel
of the USRs (Figure 6D). We then applied the isothermal amplification and paper-
based detection method to patient blood samples. Samples were collected from two
patients having breast-cancer-associated mutations in the BRCA2 gene (c.8904delC
and c.8167G¿C) and a patient with the wild-type BRCA2 sequence. DNA was firstly
extracted from whole blood with a blood DNA extraction kit and amplified into RNA
for detection purpose. As shown in Figure 6f-g, these tests demonstrated that the
BRCA2 c.8904delC (Figure 6f) and BRCA2 c.8167G¿C could be readily identified
through the color-change reactions. In contrast, assays with wild-type blood samples
retained their yellow color through the one-hour cell-free reaction.
4.9 Disscusion
We have developed de-novo-designed translational riboregulators that detect RNAs
with exquisite sequence specificity in living E. coli cells and in cell-free transcription-
translation reactions. These USR systems are designed based on first principles con-
siderations that exploit the sensitive equilibrium between different RNA base pairing
configurations. USRs are able to recognize multiple types of SNPs in living cells,
such as substitutions, insertions, and deletions, with high discrimination capability
(¿100-fold protein expression difference). In vitro reactions demonstrate that USRs
exhibit specificity beyond nucleotide level and can differentiate transcripts based on
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Figure 4.6: Isothermal Amplification and Paper-based USR Reactions Enable Zika
Strain Identification and Human Genotyping from Clinical Samples.
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epitranscriptomic modifications as well. Through fine-tuning the energy of the reac-
tion equilibrium, USRs are able to respond to as few as two m6A modifications or to a
single 2-O-methylation. The excellent specificity of USRs also enables them to detect
targets with arbitrary mutations in the context of nearly any sequence using auto-
mated design software. Application of the resulting USRs to clinically relevant SNPs
and mutations related to drug resistance, cancer, and genetic disorders demonstrated
the potential of these systems for human genotyping, drug susceptibility testing, and
strain identification in clinics and low-resource settings.
The ability of in-silico-generated USRs to successfully distinguish single-nucleotide
mutations in living cells and in vitro suggests that existing thermodynamic models
and parameters can reasonably predict RNA-RNA interactions in these contexts.
However, we did identify multiple instances where the model parameters [90] predicted
that a functional USR would fail (e.g. G/U wobble substitutions, Figure 2C) and, in
general, multiple USRs needed to be screened experimentally to identify an optimum
sensor (Figure 4b-e). Although these effects are due in part to variations in translation
efficiency, we attribute some of this uncertainty to the RNA energy parameters that
we employed for the design of the USRs, which were established decades ago and in
a much less complex environment than the cytoplasm or a cell-free reaction.[88] We
expect that the reliability of the performance of the in silico design of USR will be
greatly improved with a better RNA interaction model. It is very promising to solve
this issue in the near future due to the rapid development of computing capabilities of
modern computers and various effective algorithms aiming to model the RNA folding
[91, 92, 93]. Furthermore, the high specificity of the USRs suggests that experimental
data from these probes can potentially be used as a means to generate RNA energy
parameters for RNA-RNA interactions in the cytoplasmic environment.
In the field of RNA synthetic biology, CRISPR system could be another potential
59
tools for SNP recognition in vivo. However, the use of CRISR system will require ex-
pression of a separated protein and DNA-targeting varieties require a PAM sequence,
which make it not as convenient as the USR system. The design of USR for SNP
recognition is more flexible because its sensitive to a wider range (about 21-nt win-
dow demonstrated in this work) of RNA script, while the CRISPR system can only
have effective SNP recognition along a few bases located in the beginning of spacer
region.[78] Our USR method is capable of detecting SNPs or even epigenetic modifi-
cations along a target RNA transcript with high specificity and sensitivity, and thus
can be a versatile tool for a broad range of fundamental biological studies. For exam-
ple, as the encoded protein in the USR can be replaced modularly and the targeted
SNPs in the cell genome can be arbitrary, the USR can be used to regulate cellular
activities in responses to a SNP in the genome. It may also be applied to monitor
occurrence and evolution of key mutations in cell genome in real time in responses to
different environmental stimuli. Furthermore, low cost, portable and rapid diagnostic
platform is in an urgent need in resource limited regions. The USR system devel-
oped here can be easily integrated into the well-established paper-based devices for
mutation conferred drug resistance detection, virus strain identification, and human
genomic mutation detections.
The concept of energy equilibrium engineering to achieve high specificity is not
only limited to the riboregulator for translational level gene regulation. RNA-RNA
interactions are ubiquitous in nature and can be engineered to achieve various pur-
poses, such as imaging, catalysis, gene editing, therapeutics, and so on. Its a general
strategy for implementing SNP detection in living cells, and could be extended to
other cells, including eukaryotes. Implementing the concept of energy balancing sys-
tem to the other RNA molecular devices can help to innovate a new version of tools
to meet more diverse requirements. In principle, USR enable extreme multiplexing
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for synthetic gene networks and could be implemented in to ribocomputing system
as well.
The paper-based diagnostic devices with USR will also have broad practical ap-
plications for in house and field-deployable detection from pathogens to human DNA
mutations. As the USR has very high specificity to a single nucleotide change, a paper
disk array with fluidic channel can be developed in the future to detect multiple mu-
tations in a single experiment without any instrument. Overall, the de-novo-designed
USR is a promising tool to study biological questions, a critical gene regulation motif
for synthetic biology, and a practical useful platform for molecular diagnostics. We
envision that it will find a wide range of applications in the future.
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Chapter 5
CONCLUSION AND OUTLOOK
5.1 Perspective of Structural DNA/RNA Nanotechnology
Researchers in the field of DNA nanotechnology have successfully demonstrated
that DNA is not simply a genetic material in cells but that it is also a powerful
building material in the nanometer scale world. Individuals who use the technique of
DNA origami are capable of engineering custom structures with a high addressability
that helps with their nanoscience research.
Besides DNA origami, custom DNA structures can be achieved with DNA bricks
as well.[94] DNA bricks consist of hundreds of short single-stranded DNA (usually
less than 60-nt long) without a long scaffold. Since a short DNA strand has much
less secondary structures than a long scaffold, a single-stranded DNA brick is able to
assemble isothermally because of less kinetic traps.[95] Furthermore, the sequences of
the bricks are not limited by the scaffold. However, without the aid of a scaffold, the
yield of the assembly of DNA bricks decreases significantly as compared with that of
the yield associated with a DNA origami structure of a similar size. The high yield
(generally >90 %) of the scaffold assembly is the main reason that DNA origami is
more widely used for applications.
5.1.1 Folding Mechanisms and Simulations
Despite how successful researchers have been in creating custom molecular struc-
tural designs with DNA origami, there are still many challenges and opportunities.
For example, although a couple of computer software systems are available to help
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in designing and verifying the final structures, it is still difficult to obtain a satis-
fying yield for some of the complicated designs. The current simulations of DNA
origami are generally based on the final well-formed structures. We still have limited
information about the folding process of DNA origami. More knowledge about the
folding process would help us to improve the yield of desired structures and to avoid
the formation of undesired structures. Additionally, current experimental studies are
generally quite specific for some particular designs and are limited by the cost of the
materials needed to create the structures or the time needed to create the structures.
Being able to computationally simulate the dynamic folding of the DNA origami may
be a better way to shed light on the behavior of DNA origami assembly.
5.1.2 Programming the Topology of Nucleic Acid Structure
Current DNA origami structures are self-assembled from hundreds of DNA strands.
Designing a single-stranded origami structure with a size comparable to that of reg-
ular DNA origami structures is an interesting and challenging goal. To address this
challenge, ssDNA molecules can be prepared by hybridizing multiple strands and lig-
ating them with enzymes into a continuous strand. An alternate way to create a large
ssDNA origami structure is to program the sequence of an ssDNA and thus control
its folding pathway. ssDNA architecture is replicable with enzymes or with cloning,
which can be used to prepare a large amount of structures at a low cost. For exam-
ple, Yan and co-workers first demonstrated the in vivo replication of simple, artificial,
ssDNA structures.[96] Geary et al. demonstrated that an artificially designed ssRNA
is capable of cotranscriptional folding and can be folded into desired patterns.[97]
The ssDNA architectures also make it possible to engineer complicated topological
molecules. For example, Liu et al. published a method of using 4-way junctions as
nodes to construct DNA structures with complex topologies.[98] By programming a
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DNA folding pathway, Jerala and co-workers successfully engineered a knotted DNA
nanostructure with a single strand.[99] Designing and constructing complex topolog-
ical DNA nanostructures is a challenging and exciting direction to explore in the
future. The key point of constructing a single-stranded complex nucleic acid struc-
ture is to ensure that the correct folding pathway is used in order to avoid topological
traps.
5.1.3 Integration of Nucleic Acid Structures with Protein Structures
Further, the complexity and functionality of DNA origami designs may benefit
from integrating nucleic acid programmability with sequence specific protein binding.
In this way, the concept of origami is not solely limited to nucleic acid self-assembly.
In nature, complicated molecular structures rely on the self-assembly between various
types of molecules and through sophisticated spatial interactions at an angstrom level.
An example of this self-assembly is demonstrated by the ribosome, a complex molec-
ular machine that translates genetic information from RNA to functional proteins.
The ribosome is assembled through the sophisticated intra- and intermolecular inter-
actions between RNAs and proteins. Considering the hybrid structure of a ribosome,
it would be very interesting to mimic the process where DNA and protein mutually
assist one anothers folding to achieve a predetermined pattern. A variety of peptides
and proteins that are produced by nature or artificially engineered can specifically
bind to DNA according to the sequence. For example, a zinc finger protein,[100]
TALEN,[101] and Cas9,[77] can be engineered to bind to arbitrary DNA sequences.
A predetermined hybrid structure may be achieved by rationally engineering the DNA
sequences and the DNA binding proteins. For example, a fused chain of a hundred
zinc finger proteins may act as the scaffold, while hundreds of DNA strands may act
as the staples to guide the folding of the protein scaffold. To achieve this, new mod-
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ular interaction motifs and their corresponding design rules need to be explored and
established. Furthermore, the concept of DNA origami does not necessarily have to
be restricted by the DNA. Recently, Dietz et al. reported a method of constructing
DNAprotein hybrid structures based on the interactions between TAL (transcription
activator-like) effector proteins and duplex DNA.[102] They employed a duplex DNA
as scaffold and double-TAL proteins as stables. The stable proteins are able to specif-
ically bind to two regions of the scaffold to mimic the strategy of DNA origami. The
strategy is demonstrated to be successful by constructing a series of single-layered
and multilayered hybrid structures. By programming the interactions of the RNA
or the peptides according the rules developed in the DNA origami design, it is also
possible to make custom RNA-origami [103] or protein-origami nanostructures.[104]
5.1.4 The Assembly of Nucleic Acid Structure In Vivo
A genetically encoded DNA origami structure is another daunting challenge. How-
ever, with a genetically encoded DNA origami structure, we could build artificial ma-
chineries in a cell and program cellular activities. RNA self-assemblies have already
been achieved in vivo by encoding RNA sequences into the genome and allow cells to
continuously express RNA strands that self-assemble cotranscriptionally.[105] Since
DNA is the stable information storage material in a cell, it is usually difficult to pro-
duce ssDNA with a desired length and sequence in vivo. However, with the recent
development of synthetic biology, ssDNA with an arbitrary sequence and length can
be produced by using a retron.[106] Elbaz et al. successfully implemented a method
to produce four ssDNAs that could then self-assemble into a crossover motif in Es-
cherichia coli.[107] Other than creating ssDNA in vivo, how to control the successful
formation of complex origami structures isothermally in vivo is another problem that
researchers need to address. Typically, the annealing process, during the preparation
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of DNA origami structures, is used to remove the secondary structures of the scaffold
and to avoid the kinetic traps that occur during the folding process. Consequently,
it is optimal to design a scaffold with the minimum amount of kinetic traps that can
occur due to the folding process. Furthermore, another issue that needs to be consid-
ered is that the folding of the nucleic acids in cellular environments may be different
from the folding that occurs in our buffer. If a scaffold is designed with minimal sec-
ondary structures, this may help us to avoid kinetic traps during the folding process
and the formation of complex DNA origami in vivo would be highly possible.
5.1.5 DNA Nanostructure for Therapeutics
DNA origami is a promising material to use for human healthcare diagnostics and
therapeutics. DNA nanostructures such as tetrahedrons [108] have been able to cross
the cell membrane and can be readily modified with transport siRNA, antibodies, or
small molecular drugs. The most striking capability of DNA origami-based therapeu-
tics and diagnostics is that it can sense the environment and perform computations
to decide whether or not to release a drug. The conditional release of the drug could
decrease potential side effects in patients and increase the specificity of drug bind-
ing and release. The aptamer selection technique is mature enough to select a DNA
sequence that can recognize disease biomarkers. Furthermore, a nucleic acid is now
able to build a reliable and sophisticated circuit.[46? ] By combining aptamers as the
sensor, dynamic DNA circuits as the signal processing system, and medicines as the
weapon, in combination with the DNA origami scaffold structures, it is possible to
build a smart DNA nanotheranostic device that can simultaneously perform complex
diagnostics and therapeutic tasks based on the analysis of tens of millions of molec-
ular markers in a living cell. To achieve this goal, the efficiencies of the actuation in
response to an external signal and the drug load and unload should be high enough to
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achieve a sensitive drug release and less spontaneous leakage. Further, the stability,
immune response, and amount of time that DNA origami structures are circulating
in a biologically relevant environment needs to be improved and verified.
DNA origami is also a useful tool to organize photonic components to construct
complicated photonic networks. In the past few years, a variety of energy transfer
systems have been constructed based on inorganic or organic materials. Mass trans-
fer systems that use enzymatic cascades have also been successfully built. The next
objective is to scale these transfer systems up so that they can perform more sophisti-
cated tasks. For example, enhanced energy transport in protein-engineered excitonic
networks have been successfully demonstrated.[109] DNA origami may be useful to
further improve the efficiency and complexity of the excitonic networks. The techni-
cally challenging part is to make different functional modules compatible with each
other and to achieve a collective goal.
DNA origami nanostructures have been designed, studied, and used by researchers
with backgrounds in chemistry, physics, biology, material science, and computer sci-
ence to tackle important questions. The highly interdisciplinary research among dif-
ferent fields will continuously generate new approaches and ideas to broaden molecular
engineering, assembly, and applications. It will be exciting to see how DNA origami
may contribute to the study of nanoscale-level molecular interactions and to find real
life applications in human healthcare, materials fabrications, and biomimetic systems.
5.2 Perspective of Dynamic DNA/RNA Systems Based on Strand Displacement
we introduced the basic principles of DNA and RNA strand displacement reaction,
which has been used extensively in the fields of RNA and DNA nanotechnology, as
well as synthetic biology, to construct dynamic systems. This reaction allows for
an exchange of one single-stranded (incumbent) domain bound to a substrate by a
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competing (invading) domain. In particular, in the case of toehold-mediated strand
displacement, the invading domain has few more base pairs (called the toehold). It
has been shown experimentally for DNA that the rate of the strand displacement is
highly dependent on the toehold region length. While the RNA strand displacement
reactions have been successfully used in multiple designed systems in vivo and in
vitro, there are currently no systematic measurements of the kinetic rates of the
displacement as a function of varying toehold length and mismatches, as is the case
for DNA systems.
5.2.1 Moving from Test Tube to Cellular Environment
Currently, researchers have demonstrated the capability to scale up the complex-
ity and quantitatively analyzes of mechanisms of DNA circuit systems in test tube.
For example, Qian et al [110] recently constructed a neural network system that is
able to recognize ”MNIST molecular images” and perform the classification, which
is a classic task in the field of computer vision. However, the most intriguing appli-
cations of dynamic DNA/RNA nanotechnology is to interface with biology, such as
diagnostics, imaging, gene silencing, genome editing. Recently, an increasing number
of studies have shown the great potential of strand displacement in various biological
environment. You et al [111] designed a molecular probe to study molecular inter-
actions on cell membrane, the probe is able to translocate from one anchor site to
another, mimicking motor proteins. Their study revealed a preference for encounter
within the same lipid domains. Siu et al [112] successfully implemented to RNA
strand displacement to control to genome editing function of the CRISPR-Cas9 sys-
tems. In the system, the guide RNA is initially blocked by the hairpin structure,
inhibiting the editing funtion of Cas9 protein. In the presence of target RNA, the
RNA can open the hairpin structure to expose the guide RNA’s spacer region to bind
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the target genome. Pierce et al [113] use human cell lysate containing functional
Dicer and RNases as testbed for scRNAs (small conditional RNAs) for conditional
RNA interference. By using the strand displacement reaction, scRNAs perform sig-
nal transduction via conditional shape change: detection of a subsequence of mRNA
input X trigger formation of a Dicer substrate that is processed to yield small in-
terfacing RNA output anti-Y targeting independent mRNA Y for destruction. Since
DNA/RNA hybridization interactions are of great importance to regulate cellular ac-
tivities, the easily programmable interactions endow nucleic acid strand displacement
a great advantage to control the conformation of molecular structures to reveal more
fundamental behaviors of cells, novel technologies to tackle important challenges.
5.2.2 Complicated RNA Computing System In Vivo
The current biomolecular computing systems are composed of two main players,
the protein based gene circuit [114] and the DNA based circuit [115]. The construction
of gene circuit is achieved by connecting various protein based gene repressors accord-
ing to designed topology [116]. Therefore, screening of the basic repressor motif is of
great importance for the complicated protein based gene circuit construction. How-
ever, only a dozens of motif have been screened successfully [117], due to the intrinsic
complexities and compatibility of repressor crossing different species. Therefore, the
complexity of protein based gene circuit is still limited. For the DNA based circuit,
the basic motif in the system is strand displacement based information flow. Thanks
to the programmability of DNA and modularity of the motif, the complexity of DNA
circuit is much larger than the protein based circuit. However, the DNA based circuit
can hardly be implemented into cellular environment because it usually composed of
lots of DNA duplex structures, which may not be stable in living cells. RNA as
the intermediate information messenger between DNA and protein, it has both the
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advantage of both molecules. RNA can be as easily programmed as DNA, and it
can be used to regulate gene transcription and translation. Furthermore, RNA can
be transcribed by using cellular machines without concerning about the degradation.
There is a great potential to use RNA based strand displacement to engineer com-
plicated circuit in live cells. The RNA strand displacement has been used to control
the gene expression in both transcriptional level[52] and translational level[51] with
high dynamic range and orthogonality. By taking the advantage of programmability
of RNA, Green et al [118] developed a ribocomputing system based on the toehold
swithces that perform transcription level control of gene expression. The ”ribocom-
puting” systems can be effecitively designed in silico and prescribed configurations
and functions in complex cellular environment. Green et al constructed a RNA-only
circuit that takes 12 RNA transcript as input signal to perform complicated logic com-
putation. However, since the ”Ribocomputing” system is based on the translational
level control, the depth of the circuit purely rely on the RNA hybridization based
structure conformation. Therefore, toehold based ribocomputing system is hard to
be implemented to construct multilayered circuit. There are two ways to overcome
this problem, integrate the toehold switch with protein based transcription effectors
or regulate the gene expression on transcriptional level. In the former method, the
output of a toehold switch can be encoded with a protein transcription factors. After
the logic computation to produce the transcription factors, it can further regulate the
down scream RNA production. In the latter method, RNA can be used to regulate
the transcription process through control the terminator hairpin formation. If RNA
controled transcription regulator can be developed, it would open the opportunities
to construct complicated RNA-only gene circuit.
RNA based gene circuit is in its early age currently. The development of RNA
gene circuit maybe can follow similar pathway as protein based gene circuit:(1) the
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fundamental RNA control motif screening. In these stage, RNA regulation motif
library with high orthogonality and high performance. Since RNA interaction is
based on the Waston-Crick base paring, it would be relatively easy to screen such
an library. (2) The biophysical model for the function of the motif and circuit. To
further construct the large scale circuit, we need firstly understant how do the parts
work. Detailed physical model need to be developed to describe the RNA motif’s
function to evaluate and predict its behaviours. (3) Connecting the motif to large
scale circuit and design automation. With the detailed physical model, the RNA
motif can be connected together to build large scale circuit. To further accelerate the
design process, the design of RNA circuit process should be automated like electronic
design process.
5.2.3 RNA Strand Displacement as an Fundamental Mechanism in Nature
Strand displacement can explain multiple phenomena involving rearrangement
and interactions of RNA in living systems. Speculations of rearrangement through
branch migration can be found in the literature, and here we reviewed known ex-
perimental systems where RNA (DNA) strand displacement is likely to play a role.
In particular, we discussed DNA replication, CRISPR-Cas systems, contrascriptional
folding of RNA, riboswitches, assembly of spliceosome, and competing nonspecific
binding of regulatory RNA and binding of RNA to ribozyme. It is quite likely that
there other RNA-RNA interactions that involve strand displacement. In particular,
strand displacement offers a way of rearrangement within a single RNA strand or be-
tween multiple RNA strands that does not require active unwiding involving helicase
or other proteins. The recently developed techniques to study folding intermediates
will soon allow to study folding of many more different types of RNA. Some of the
already observed rearrangement does involve strand displacement, offering the pos-
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sibility that it is a universal mechanism exploited by RNA molecules to reach their
folded state via co-transcriptional folding pathway.
More work remains to be done on the bioinformatic analysis, computational mod-
eling, and experimental level. Efficient tools are need to model cotranscriptional
folding, and it is necessary for them to incorporate correctly the strand displacement
kinetics as well. While strand displacement kinetics, including the effects of mis-
matches has been studied for DNA, corresponding experiments for RNA still need to
be carried out. If strand displacement is indeed a key process involved in folding of
RNA, it should be possible to identify the conserved structural intermediates that are
rearranged by strand displacement by studying covariation in homologous RNAs from
different organisms. However, existing alignments are based on the final functional
RNA structure, and it possible that the signal of conserved intermediate structures is
smeared out as it is not currently considered in the alignment. Other bioinformatic
methods, such as Transat [119], have however been able to identify likely conserved
helical segments in several RNAs, and will likely need to be combined with future
high-throughput studies of RNA folding intermediates. More work also remains to be
done on the kinetic characterization of the strand displacement kinetics, in particular
for RNA, as most of the studies only focused on DNA so far.
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Section 1: Experimental materials and methods 
 
Materials. All helper DNA strands (lengths from 16-42 nt) were purchased from Inte-
grated DNA technologies Inc. (IDTDNA.com) in the format of 96-well plates at 10-nmol 
synthesis scale with concentration normalized to 100 µM. These strands were directly 
used for self-assembly without any purification. M13mp18 single-stranded DNA scaf-
folds were purchased from New England Biolabs (catalog number: N4040S) and used as 
received. 
Assembly of framework DNA nanostructures. The design and sequences of the DNA 
oligos used to assemble each structure are listed in Sections 3 and 7. We mixed 10 nM of 
M13mp18 DNA scaffold strand with a 10-fold excess of helper strands in 1× TAE/Mg2+ 
buffer containing 40 mM Tris, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM magne-
sium acetate. Then the mixture was annealed in a thermocycler from 90 to 4 °C. The tem-
perature ramps are as follows: 90 to 71 °C at 1 °C/5 min, from 70 to 41 °C at 1 °C/15 
min, from 40 to 25 °C at 1 °C/10 min, then held at 4 °C at the end of the cycle. 
Native agarose gel electrophoresis. The assembled DNA structures were verified with 
native gel electrophoresis (1% agarose gel preloaded with 1×SYBR safe (10,000×, 10 µL, 
Invitrogen). All the gels were run for 1 h 30 min in 1× TAE/magnesium (Mg2+) buffer at 
100 V sitting in an ice-water bath. The gels were visualized under ultraviolet light (Gel 
Doc XR+ system gel imager, Bio-Rad).  
Melting temperature study of framework DNA structures. Fluorescence thermal 
curves were measured in optical tube strips using an MX3005P real-time thermocycler 
 
 
87 
(Agilent Technology) equipped with a fluorescence 96-well plate reader. The DNA 
helper strands and scaffold were mixed with 1×SYBR Green I (Invitrogen) in 1× 
TAE/Mg2+ buffer. The fluorescence intensity of the emission was monitored at 522 nm 
with excitation at 495 nm at 1-min intervals. The samples were first heated to 80 °C for 5 
min, and the temperature was reduced from 80 to 25 °C at a rate of –0.1 °C/min. After 
cooling down to 25 °C, the samples were held for 10 min and then heated to 80 °C with a 
temperature gradient of +0.1 °C/min.  
AFM. For AFM imaging, 2 µL of the assembled sample was first diluted five times with 
1× TAE/Mg2+ buffer, then 2 µL diluted sample was deposited onto a freshly cleaved mica 
surface (Ted Pella), and 60 µL 1× TAE/Mg2+ buffer was added on the top of the sample. 
After waiting for about 2 min to allow adsorption of the sample to the mica surface, the 
buffer solution was removed with a pipet. This also removed the most of the unbound 
helper strands to prevent their influence on AFM imaging. Then 60 µL buffer was added 
to the sample again, and an additional 60 µL was deposited on the AFM tip before engag-
ing. AFM imaging was conducted in the “ScanAsyst mode in fluid” on a Dimension Fast-
Scan with Scanasyst-Fluid+ tips (both from Bruker).  
CryoEM. Cryo samples were prepared in an FEI Vitrobot at 20 °C with 100% relative 
humidity and a blotting force of 0. First, 3 µL of the DNA specimen was pipetted onto a 
freshly glow-discharged lacey carbon grid covered with an additional thin layer of contin-
uous carbon film (Ted Pella, Inc. Prod # 01824). The sample solution was incubated on the 
EM grid for 2 min and blotted for 4 s before being plunged into liquid ethane that was 
precooled with liquid nitrogen. The cryoEM grids were transferred in liquid nitrogen into 
a Gatan 626 cryospecimen holder and then inserted into the microscope. The specimen 
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temperature was maintained below −170 °C during data collection. CryoEM imaging was 
performed in an FEI Titan Halo TEM operating at 80 kV. CryoEM images were recorded 
in the low-dose mode (15 e−/Å2) on an FEI CEta camera (4,096 × 4,096 pixels). 
EM Image Processing and 3D Reconstruction. Particle selection and image processing 
were performed with EMAN and EMAN2 software packages.1 Raw particle images were 
selected in a semiautomatic manner with e2boxer.py in EMAN2. The pooled raw images 
were manually inspected in order to remove “bad” particles (partially assembled, low con-
trast, or contacting other particles). The contrast transfer function (CTF) was first deter-
mined with raw particle images and corrected for by flipping the phases in EMAN2. The 
phase-flipped data were then subject to 2D image classification in an iterative manner by 
e2refine2d.py. Selected reference-free 2D averages were used to calculate starting models 
by e2initialmodel.py. The starting model was low-pass filtered and used for 3D refinement 
against the phase-flipped raw particle image dataset by e2refine.py in EMAN2. The 3D 
density map was displayed and manipulated in the Chimera package.2 
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Section 2-1: Comparison of layered and traditional double crossovers 
 
 
89 
  DNA double crossover (DX) molecules constructed by linking two Holliday junc-
tions side by side through two antiparallel crossovers are among the most important build-
ing blocks in structural DNA nanotechnology. Two or more DNA duplexes can be jointed 
together with multiple DX to improve structure rigidity. The number of base pairs (bps) 
between two neighboring crossovers must be an integer number of half turns of double 
helical DNA (10.5 bp per turn, with 5 or 6 bp considered as a half turn) to ensure antipar-
allel helical arrangement. This design enables the engineering of compact 2D or 3D solid 
DNA structures with DNA origami or tile self-assembly. However, if we want to align 
multiple DNA helices in a nonparallel style in a controlled manner as shown in Figure S1, 
or if we want to link two vertical helices with two horizontal helices placed on top of them, 
traditional DX are insufficient. Addressing this issue requires a new type of crossover that 
links the different layered helixes and allows the DNA strand to travel as indicated by the 
red-circled bending sections in the green and orange strands. Like traditional DX, the lay-
ered crossover (LX) position should be selected to ensure a distance between DNA helices 
that is close but not overlapping (to avoid any steric clash or helical distortion).  
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Figure S1. Comparison of LX (B) with traditional DX (A). (A) The line and helical models 
of a traditional DX molecule (DAE) with a distance of two helical turns (four half turns) 
between the two crossover points. (B) The line and helical models of the LX DNA motif 
that contains two DAE molecules stitched together in two layers with two LX. The hori-
zontal DNA helices are shown under the vertical DNA helices. In the line model, the two 
LX are indicated by red circles. In the helical model, the LX positions are indicated as red 
dots. Right bottom: a cross-sectional view after the top layer is removed.  
Section 2-2: Different types of layered crossovers 
If the strands shown in the outside in the line model is called the scaffold strand 
(which can be potentially all linked together into a single long strand), and the strands 
shown in the inside are the helper strands, we noticed that there are two classes of LX unit 
based on the strand identity creating the LX (i.e., via the helper strands, H, or the scaffold 
strand, S). The four arms of an LX motif are specified as north, south, west, and east, (N, 
S, W, and E). Starting from the north arm, the traveling direction of the strand that makes 
the LX can be to the west, NW, or to the east NE. Thus, there are four different types of 
configurations of the LX units: SNW, HNW, SNE, and HNE (Figure S2). The four units 
each have a unique topology for strand routing. 
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Figure S2. Different LX types to maintain nonparallel DNA helix alignment. 
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Section 2-3: Identifying the positions of layered crossovers with a geometric model 
To reduce any distortions that the LX may impose on the structure, their positions 
should be on the very top or bottom of helices so that the strand can go to the upper or 
lower layers via the shortest distance without causing additional structural distortion. We 
constructed a geometric model specific for B-type DNA to help identify all the potential 
LX positions. As shown in Figure S3A, a pair of complementary DNA strands form a 
regular B-type double helix structure with a set of confined parameters including inclina-
tion of base paring relative to the helix axis (I), rise per base along the axis (L), helix radius 
(R), axis angle across the minor groove (A), and rotation angle per base pair (B). The incli-
nation is neglected since it is very small for B-type DNA (~1 °). In the geometric model, 
only the phosphate backbone is considered. The coordinates of the positions of phosphate 
groups along the backbone can be described by these parameters, which were extracted 
from the literature and empirical data and are listed in Table S1.  
 
Table S1: Geometric model parameters 
 
Parameter Variable Value 
Radius R 1.0 nm 
Rise L 0.34 nm 
Axis angle A 170.4 ° 
Twist per base pair B 34.48 ° 
Translation T 2.5 nm 
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Rotation of H1 𝛂 15 ° 
Rotation of H2 𝛃 –19 ° 
 
The coordinates of a phosphate in a typical double helix are described in equations 
(1) and (2) for the strand running from 3' to 5' from left to right along the x-axis and its 
complementary strand from 5' to 3', respectively, where n is the position in the DNA strand 
counted from left to right.  
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Figure S3. Geometric model of DNA helices in a DX molecule.  
 
From the equations of one simple DNA helix, we can further deduce the equations 
for the alignment of two helices of DX molecules with some coordinate transformations 
that involve translation of H2 relative to H1 along the y-axis and rotating H2 and H1 around 
the x-axis, as shown in Figure S3B. T is the translation distance of H2 relative to H1, which 
is empirically set to be 2.5 nm based on cryoEM and AFM images of DNA structure. The 
rotation angles of H1 and H2 along the x-axis, 𝛂 and 𝛃, are measured as –15° and 19° based 
on two criteria in Timat software: (1) the distance of the crossovers should be equal and (2) 
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both central axes of the two DX molecule helices should be kept in the x-y plane. Therefore, 
equations (3) through (6) can be solved to describe the coordinates of DX molecule phos-
phates.  
  
  
  
  
 
It would be convenient to determine the phosphates at the top or bottom positions 
by simply setting a threshold for the z coordinate. For example, a threshold value of z = 
0.85 nm was set to screen crossover positions allowing strands to go to the upper layer via 
the shortest distances. If the z coordinate of a phosphate is >0.85 nm, it could potentially 
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serve as an LX position. As shown in Figure S4, all the possible LX positions for a six-
turn-DX DNA molecules were screened out (mean z value = 0.94 nm). 
 
 
Figure S4. Permissible LX located on the top of an extended DX molecule that is six hel-
ical turns long. The crossover positions indicated with red dots allow the DX molecule to 
be connected to another DX molecule on the top through an LX. The numbers indicate the 
LX positions, which are indicated in A the scaffold strands (blue) and helper strands (or-
ange) in A and B, respectively.  
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MATLAB Script to identify the layered crossover position 
function [lay_cros_p]=layered_cross_p(helix_turn) 
% helix_turn is the length of DX unit 
radius = 10; 
helicity = -10.5; 
raise = 3.32; 
Axis = 170.4; 
translation = 25; 
helixlength = 21*helix_turn; 
top_constrain = 8.5; 
rotation_alpha = 15/180*pi; 
rotation_beta = -19/180*pi; 
% set parameters for DNA helices 
  
H1_3_x = zeros(1,helixlength);H1_3_y = zeros(1,he-
lixlength); H1_3_z = zeros(1,helixlength); 
H1_5_x = zeros(1,helixlength);H1_5_y = zeros(1,he-
lixlength);H1_5_z = zeros(1,helixlength); 
%the coordinate of bases in helix 1 
H2_3_x = zeros(1,helixlength);H2_3_y = zeros(1,he-
lixlength);H2_3_z = zeros(1,helixlength); 
H2_5_x = zeros(1,helixlength);H2_5_y = zeros(1,he-
lixlength);H2_5_z = zeros(1,helixlength); 
%the coordinate of bases in helix 2 
  
for c1 = 1:helixlength 
    H1_3_x(c1) = (c1-1)*raise; 
    H1_3_y(c1) = -radius*cos((c1-1)*2*pi/helicity+rota-
tion_alpha); 
    H1_3_z(c1) = radius*sin((c1-1)*2*pi/helicity+rota-
tion_alpha); 
     
    H1_5_x(c1) = (c1-1)*raise; 
    H1_5_y(c1) = -radius*cos((c1-1)*2*pi/helic-
ity+Axis*pi/180+rotation_alpha); 
    H1_5_z(c1) = radius*sin((c1-1)*2*pi/helic-
ity+Axis*pi/180+rotation_alpha); 
     
    H2_3_x(c1) = (c1-1)*raise; 
    H2_3_y(c1) = translation-radius*cos((c1-1)*2*pi/helic-
ity+rotation_beta); 
    H2_3_z(c1) = radius*sin((c1-1)*2*pi/helicity+rota-
tion_beta); 
     
    H2_5_x(c1) = (c1-1)*raise; 
    H2_5_y(c1) = translation-radius*cos((c1-1)*2*pi/helic-
ity+Axis*pi/180+rotation_beta); 
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    H2_5_z(c1) = radius*sin((c1-1)*2*pi/helic-
ity+Axis*pi/180+rotation_beta); 
end 
  
fprintf('Control by helper \n'); 
H1_5_position = find(H1_5_z > top_constrain); 
disp(H1_5_position); 
H2_3_position = find(H2_3_z > top_constrain); 
disp(H2_3_position) 
lay_cros_p = [H1_5_position;H2_3_position]; 
end 
Section 2-4: Angle control of DNA helices using layered crossovers 
 Two such LX located on two different helices of DX molecules are required to 
maintain the relative orientation of the DNA helices in these two layers. By using different 
combinations of the identified LX positions, a variety of different relative orientations of 
the DNA helices can be obtained.  
 One example is shown in Figure S5. Here the HNE type of the LX configuration is 
used, and the position 3 and 4 combination shown in Figure S4B is adopted. The relative 
orientation angle of DNA helices in the neighboring layers can be calculated using equation 
(7). Based on the geometric model, the angles created using all possible combinations of 
the LX positions can be calculated; for example, the calculated angles of all the combina-
tions of helper crossovers are shown in Figure S6. Four different two-LX units were con-
structed (Figure S7) that display characteristically distinct angles of 86, 61, 25, and 16 °.  
 
 
 
θ = 2 ⋅arccos (x3 − x4 )
2 + (y3 − y4 )2 + (z3 − z4 )2
y3 − y4
(7) 
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Figure S5. Geometric calculation of the relative orientation angle between DNA helices in 
the neighboring layers. The relative orientation angle 𝛉 equals 2𝛅, where 𝛅 is determined 
by the two layered-crossover positions on the opposite helices in the same layer. Here the 
HNW type of the LX configuration is used. Adopting the combination of position 3 on H2 
and position 4 on H1 (as shown in Figure S4B) fixes the angles between the two layers.  
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Figure S6. The relative orientation angle calculated for different combinations of LX po-
sitions for two six-turn DX units. Numbers labeled in the x- and y-axis indicate the cross-
over positions in H1 and H2 as shown in Figure S4B. The angle values calculated here only 
use the helper crossovers. 
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Figure S7. Relative orientation angle control of DNA helices in neighboring layers by 
varying the relative positions of LX pairs. From top to bottom, the orientation angles pred-
icated by geometric model are 86, 61, 25, and 16 °, respectively. The HNW and HNE types 
of LX are used in all four designs. The LX points are marked as red dots in the helical 
models.  
 
 
MATLAB script for relative angle prediction of different layered-crossover combi-
nations 
 
function [orien_angle]=orien_angle(helix_turn,p1,p2) 
% helix turn determines the length of the DX unit, p1 and 
p2 is the layered 
% crossover number in helix1 and helix2. 
radius = 10; 
helicity = -10.5; 
raise = 3.32; 
Axis = 170.4; 
translation = 25; 
helixlength = 21*helix_turn; 
top_constrain = 8.5; 
rotation_alpha = 15/180*pi; 
rotation_beta = -19/180*pi; 
% set parameters 
 
H1_3_x = zeros(1,helixlength);H1_3_y = zeros(1,he-
lixlength); H1_3_z = zeros(1,helixlength); 
H1_5_x = zeros(1,helixlength);H1_5_y = zeros(1,he-
lixlength);H1_5_z = zeros(1,helixlength); 
%the coordinate of bases in helix 1 
H2_3_x = zeros(1,helixlength);H2_3_y = zeros(1,he-
lixlength);H2_3_z = zeros(1,helixlength); 
H2_5_x = zeros(1,helixlength);H2_5_y = zeros(1,he-
lixlength);H2_5_z = zeros(1,helixlength); 
%the coordinate of bases in helix 2 
 
for c1 = 1:helixlength 
    H1_3_x(c1) = (c1-1)*raise; 
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    H1_3_y(c1) = -radius*cos((c1-1)*2*pi/helicity+rota-
tion_alpha); 
    H1_3_z(c1) = radius*sin((c1-1)*2*pi/helicity+rota-
tion_alpha); 
     
    H1_5_x(c1) = (c1-1)*raise; 
    H1_5_y(c1) = -radius*cos((c1-1)*2*pi/helic-
ity+Axis*pi/180+rotation_alpha); 
    H1_5_z(c1) = radius*sin((c1-1)*2*pi/helic-
ity+Axis*pi/180+rotation_alpha); 
     
    H2_3_x(c1) = (c1-1)*raise; 
    H2_3_y(c1) = translation-radius*cos((c1-1)*2*pi/helic-
ity+rotation_beta); 
    H2_3_z(c1) = radius*sin((c1-1)*2*pi/helicity+rota-
tion_beta); 
     
    H2_5_x(c1) = (c1-1)*raise; 
    H2_5_y(c1) = translation-radius*cos((c1-1)*2*pi/helic-
ity+Axis*pi/180+rotation_beta); 
    H2_5_z(c1) = radius*sin((c1-1)*2*pi/helic-
ity+Axis*pi/180+rotation_beta); 
end 
  
H1_5_position = find(H1_5_z > top_constrain); 
H2_3_position = find(H2_3_z > top_constrain); 
  
angle_helper = zeros(length(H1_5_posi-
tion)/2,length(H2_3_position)/2); 
for c2 = 1:2:length(H1_5_position) 
    H1_midpoint_x = (H1_5_x(H1_5_position(c2)) + 
H1_5_x(H2_3_position(c2)+1))/2; 
    H1_midpoint_y = (H1_5_y(H1_5_position(c2)) + 
H1_5_y(H2_3_position(c2)+1))/2; 
    H1_midpoint_z = (H1_5_z(H1_5_position(c2)) + 
H1_5_z(H2_3_position(c2)+1))/2; 
  
    for c3 = 1:2:length(H2_3_position) 
        H2_midpoint_x = (H2_3_x(H2_3_position(c3)) + 
H2_3_x(H2_3_position(c3)+1))/2; 
        H2_midpoint_y = (H2_3_y(H2_3_position(c3)) + 
H2_3_y(H2_3_position(c3)+1))/2; 
        H2_midpoint_z = (H2_3_z(H2_3_position(c3)) + 
H2_3_z(H2_3_position(c3)+1))/2; 
         
        length_hypotenuse = ((H1_midpoint_x-H2_mid-
point_x)^2 + (H1_midpoint_y-H2_midpoint_y)^2)^0.5; 
        length_bottom = abs(H1_midpoint_x - H2_midpoint_x); 
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        angle_helper((c2+1)/2,(c3+1)/2) = 
round(2*acos(length_bottom/length_hypotenuse)*180/pi); 
        if angle_helper((c2+1)/2,(c3+1)/2)>90 
            angle_helper((c2+1)/2,(c3+1)/2) = 180 - an-
gle_helper((c2+1)/2,(c3+1)/2); 
        else angle_helper((c2+1)/2,(c3+1)/2) = an-
gle_helper((c2+1)/2,(c3+1)/2); 
        end 
    end 
end 
 orien_angle = angle_helper(p1,p2); 
end 
Section 3: Wireframe DNA origami structures containing layered crossovers 
 
 
 
Figure S8. Stepwise scaffold routing of an example framework structure design. In this 
design, the two-layer lattice structure is constructed by connecting a 5 × 5 lattice of the 
two-layered units with 86 ° angles. The HNW LX type is used. To integrate the scaffold 
strand into a consecutive single strand, the first step is looping the neighboring helices by 
connecting DNA helix ends with single-stranded DNA loops, producing a number of loops 
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that can be bridged together to form a consecutive circular strand by placing scaffold cross-
overs in selected line segments. The helper strands can then follow the same pattern in each 
unit as shown in the top middle schematic.  
 
 
Figure S9. Scaffold folding path of a two-layered lattice structure with a predicted angle 
of 86 °. Curved sections indicate the single-stranded regions of the scaffold. 
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Figure S10. Scaffold folding path of a two-layered structure with a predicted angle of 
61 °. Curved lines indicate the single-stranded regions of the scaffold. 
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Figure S11. Scaffold folding path of a two-layered lattice structure with a predicated an-
gle of 25 °. Curved lines indicate the single-stranded regions of the scaffold. 
 
 
Figure S12. Scaffold folding path of a two-layered lattice structure with a predicated an-
gle of 16 °. Curved lines indicate the single-stranded regions of the scaffold. 
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Figure S13. Scaffold folding path of a three-layered triangle structure (top and side views 
from the front). Here the scaffold LX type is used in each of the three layers.  
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Figure S14. Scaffold path of a 15-layered 2 × 2 framework structure with corner angles 
of ~90 °. Here the scaffold LX type is used. The left panel shows the scaffold folding 
path from different views. From the top view, the helices in the odd-numbered layers are 
oriented approximately perpendicularly to those in the even-numbered layers. The right 
panel shows the scaffold of each layer’s routes and links with its upper layer (except 
layer 15, the top layer, which is only linked to underlying layer) through the short sticks 
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pointing upwards. The gaps in the strands indicate the positions where the scaffold travels 
down to the bottom layer.  
 
 
 
 
Figure S15. Scaffold path of a 9-layered 3 × 3 lattice structure with corner angle of ap-
proximately 90°. The left panel shows the scaffold folding path in different views. The 
right panel shows how the scaffold of each layer routes and links with its upper layer. 
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Section 4: Native gel analysis of the designed structures 
 
Figures S16-S22 show images of the native agarose gel electrophoresis analysis for all 
the designed structures annealed in TAE buffer containing different Mg2+ concentrations. 
Each gels contains a 1-kbp ladder, a reference M13 scaffold strand, and the annealed 
samples with Mg2+ ranging from 0 to 20 mM. The native gel itself contains 12.5 mM 
Mg2+. In general, the layered structures start to form stable well-formed structures in the 
presence of at least ~10-14 mM, which is close to the buffer condition of a regular 2D 
DNA structure and requires lower [Mg2+] than compact 3D DNA origami. 
 
 
 
Figure S16. Native agarose gel of two-layer structures annealed at different Mg2+ con-
centrations.  
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Figure S17. Native agarose gel of two-layer structures annealed at different Mg2+ con-
centrations. 
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Figure S18. Native agarose gel of two-layer structures annealed at different Mg2+ con-
centrations. 
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Figure S19. Native agarose gel of two-layer structures annealed at different Mg2+ con-
centrations. 
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Figure S20. Native agarose gel of three-layer triangular structures annealed at different 
Mg2+ concentrations. The smear trailing in the lower Mg2+ concentrations (6-12 mM) are 
aggregates that form larger aggregations in higher Mg2+ concentrations (at >14 mM ag-
gregates stay in the gel well). 
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Figure S21. Native agarose gel analysis of the 15-layer 2 × 2 framework structure with 
corner angles of ~90 ° annealed at different Mg2+ concentrations. The upper bands fol-
lowing the main bands are aggregates (presumably dimers and trimers). This gel is 
stained with SYBR gold dye, while others gels are stained by SYBR safe. SYBR gold is 
more sensitive to double-stranded DNA. This explains why the relative intensities of the 
free helper bands (at the bottom of the gel) with the structure bands (the main bright 
bands that runs slightly lower than the reference band) seem appear different. 
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Figure S22. Native agarose gel analysis of the 9-layered 3 × 3 lattice structure annealed 
at different Mg2+ concentrations. 
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Section 5: Fluorescence thermal melting studies 
 
 
Figure S23. Normalized thermal annealing and melting curves and their derivatives with 
respect to temperature for the two-layer-20 ° structure. The melting temperature is 
~59.2 °C. 
 
 
Figure S24. Normalized thermal annealing and melting curve, and their derivatives with 
respect to temperature for the two-layer-30 ° structure. The melting temperature is 
~60.6 °C. 
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Figure S25. Normalized annealing and melting curves, and their derivatives with respect 
to temperature for the two-layer-55 ° structure. The melting temperature is ~ 62.2 °C.  
 
There is only one transition in the melting process, but two transitions were observed in 
the cooling process. It is noted that in the two-layered structures constructed, two types of 
helper strands with different lengths coexist: helpers that travel cross layers and helpers 
that do not. Their binding stabilities and kinetics in the final origami structure may be dif-
ferent, especially for strands involved in LX formation. Their binding to the scaffold 
strand may be slower than ones that are not involved in LX. This can explain the two 
transitions in the cooling process because the two groups of helper strands enter the struc-
ture at different time points.  
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Figure S26. Normalized thermal annealing and melting curves and their derivatives with 
respect to temperature for the two-layer-80 ° structure. The melting temperature is 
~61.1 °C. The formation (cooling) process has two transitions. 
 
 
Figure S27. Normalized annealing and melting curves and their derivatives with respect 
to temperature of the three-layer-triangle structure. The melting temperature is about 
58.6 °C. The formation (cooling) process has two transitions. 
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Figure S28. Normalized annealing and melting curves and their derivatives with respect 
to temperature of the 15-layered 2 × 2 lattice structure. The melting temperature is 
~63.2 °C. Since scaffold LX are used in this design, the helper strands are all within the 
same layer and of similar length, only one transition is observed. 
 
Figure S29. Normalized annealing and melting curves and their derivatives with respect 
to temperature of the nine-layered 3 × 3 lattice structure. The melting temperature is 
~59.2 °C.  
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Section 6: Additional AFM and cryoEM images 
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Figure S30. AFM images of two-layered structures with corner angles of 20 ± 2 °. The 
dimension is about 100 nm. The gaps between helices cannot be resolved from AFM im-
ages as the value is ~1 nm. 
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Figure S31. AFM images of two-layered structures with corner angles of 29 ± 2 °. 
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Figure S32. AFM images of two-layered structures with corner angles of 52 ± 3 °. 
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Figure S33. AFM images of two-layered structures with corner angles of 80 ± 3 °. 
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Figure S34. AFM images of the top view of three-layer structures with triangular cavi-
ties. 
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Figure S35. CryoEM images of nine-layered 3 × 3 lattice structures. 
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Figure S36. CryoEM images of 15-layered 2 × 2 lattice structures. 
 
  
 
 
135 
Section 7: Helper strand sequences 
 
 
Figure S36. Design details of the two-layer structure with corner angles of 20 °. The gray 
strand is the scaffold. 
 
Name Sequences 
1 
 
TCACCTTGTGGCCAACAGAGATAGAAGCCACCGAGTAAAAGAGT
GGAAAAAC 
2  GCTCATGGAAATAGAGCCCAAAATCTAAAGCA 
3  CATTGCAACACTGTCCATCACGCAAATTAACTTACCGCCAGC 
4 
 
TCACACGACTCAATCAATATCTGGTCGTAATATCCAGAACAATAC
GTTGTAG 
5  CAATACTTCTTTGCTGAGTGCAGATTCACCAG 
6  AGGGACATTCCTGAACCTCAAATATCAAACCCCAGTAATAAA 
7  CTTGCGGGTAGAAGAACTCAAACTACATCACT 
8  GTTAGAACAGATAATACATTTGAGGAAGTAATA 
9  ATCGGCCTTGATTTTTGAATAATGGAAGG 
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10  TGCCTGAGAGGTTTTGAAGCCTTACCTCCCGA 
11 
 
CTAACAACCACGTAAAACAGAAATAAGCGAGGCGTTTTAGCGAA
AATCAAGA 
12  TTAGTTGCTATTTAACAGAATCTTTAGGAGCA 
13  AGCCGTCAATCTACCATATCAAAATTATTTGTAATAGATTAG 
14 
 
CATTTAACATTGCTTTGAATACCAAGACCCAGCTACAATTTTATA
GGCTTAT 
15  CCGGTATTCTAAGTGCTTAACAAAATTAATTA 
16  CAGATATAGACCTGAATCTTACCAACGCTAAAGCAAGCAAAT 
17 
 
ATCGGGAGTTTAATGGAAACAGTACAATCATTACCGCGCCCAAT
CGAGCGTC 
18  TTTCCAGAGCCTAGGATAACAGTACCTTTTAC 
19  GATTCGCCTGAATTTCATTTGAATTACCTTTAAACAATAACG 
20  CTCCAAATGCCAGTTACAAAATAAAGCCGTTTT 
21  TATTTTCATCGTAATTAGGCGAATAATAA 
22  AAACATAGATCTCCAAAAAAAAGGTTTTTTCA 
23  CGTTGAAACGATAGCTTAGATTAAATCCTTGA 
24  CGAGAACAAGCAACAGCCATATTATTTATCCCAAGCACTCAT 
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25 
 
CCCTTAGAGACGCTGAGAAGAGTCAAGGTATTAAACCAAGTACC
TCCAAATA 
26  AGAAACGATTTTTACGTAGATTAATTAATTTT 
27 
 
GTTCAGCTCAAATCCAATCGCAAGACTTAACGTCAAAAATGAAA
TCTTTCCT 
28  TATCATTCCAAGATGTAAACAATAAACAACAT 
29  TAATCGGCTGATAGCAGCCTTTACAGAGAGAAAACCAATCAA 
30 
 
GGTTATATTCAACAATAGATAAGTCCTAATTTACGAGCATGTAGA
TAACATA 
31  AAAACAGGGAAGCTCCTGACCGGCTTAGGTTG 
32  AATGCTGATGAATGCAGAACGCGCCTGTTTAAACTATATGTA 
33 
 
GTATTAACTTTGAATGGCTATTAGTCAGGGTTGAGTGTTGTTCCG
CCGATTA 
34  AAGGGATTTTAGAGATTTTGGTGAGGCGGTCA 
35  TAAACAGGAGAGTTTGGAACAAGAGTCCACTAGAGCGGGAGC 
36 
 
GCGTAAGACTGAGAGCCAGCAGCAAAGCTTTCCTCGTTAGAATC
ATTAAAGA 
37  ACGTGGACTCCAACGTTGATTCTGACCTGAAA 
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38  AGACAATATTACCGCCTGCAACAGTGCCACGATACGTGGCAC 
39 
 
AGATGATGATCCTTTGCCCGAACGTTCAAAGGGCGAAAAACCGT
TGCTTTGA 
40  CGAGCACGTATAACGTATTATTCCTGATTATC 
41  GTACTATGGTCTATCAGGGCGATGGCCCACTCTACAGGGCGC 
42 
 
TTTACAAAGATTGTTTGGATTATACTGCCGCGCTTAATGCGCCGA
CGTGAAC 
43  CATCACCCAAATCCCCTCTAGAAGTATTAGAC 
44  CTCGTATTAAGCAATTCATCAATATAATCCTCAATTCGACAA 
45  AGGCGCATTTTTTGGGGTCGAGGTGACGCTGCG 
46  CGTAACCACCACAAAGTAGCTGACCAACT 
47  TCAATTACGAACGGTGTACAGACCTTGAAAGA 
48  GGACAGATCTGAGCAAAAGAAGATTATTCATT 
49  TGTAGCGGTCCCGTAAAGCACTAAATCGGAAGCGCTGGCAAG 
50 
 
AGGCGAATGATGAAACAAACATCAAGAAAGGAGCGGGCGCTAG
GCCCTAAAG 
51  GGAGCCCCCGATTGCGAAACAAAATCGCGCAG 
52  CTTACCGAACGTGGCGAGAAAGGACGGGGAAA 
53  TTCAACAGATTTCTTAAACAGCTTGAAGCTTGA 
54  AGGGAAGAAATAGTACTTGCTAAACAACT 
 
 
139 
55  GCCGGCGAAGCCCTTTTTAAGAAAATAGCTAT 
56 
 
ATCGGTTTAAGGAACAACTAAAGGAAAGAAACAATGAAATAGCA
AGTAAGCA 
57  GATAGCCGAACAAGCATTGAGCCTTTAATTGT 
58  TTCGAGGTGATTTCAGCGGAGTGAGAATAGAATCAGCTTGCT 
59 
 
GAGAATATTCTTCTGACCTAAATTTATACCAGAAGGAAACCGAG
GAGTTAAG 
60  CCCAATAATAAGAAGTATGGAGCCAGTAATAA 
61  CACAAGAATTGAAACGCAATAATAACGGAATGAGAGATAACC 
62 
 
CTTTTTCAGTAATTCTGTCCAGACGAAATTGAGCGCTAATATCAA
CCCAAAA 
63  GAACTGGCATGATGGTCGAGAACGCGAGAAAA 
64  GTTAATTTCAAAAGTACCGACAAAAGGTAAAAATATATTTTA 
65  GGTCATTGGCCAGTGCCAAGCTTGCGAAAATCC 
66  TGTTTGATGGTGGGACTTTGTCAGGATTA 
67  GCCATTAAGCTCCTTTTGATAAGAGAGAGTAC 
68  CTTTAATTAAATACCGAACGAACCAAAACATC 
69  CCCAGCAGGCATGCCTGCAGGTCGACTCTAGCGCTGGTTTGC 
 
 
140 
70 
 
ATAGCCCTACCAGCAGAAGATAAAACGTTGCAGCAAGCGGTCCA
AGGATCCC 
71  CGGGTACCGAGCTAGAAGAAATGCGCGAACTG 
72  AACCAAAATTCGTAATCATGGTCATCCTTCACC 
73  GCCTGGCCCTGAGCGAATAGAGCAACACT 
74  GCGGAACCAGACGACGATAAAATCATAAC 
75  CCTCGTTTACAAAGAAACCACCAGATTATCATTTT 
76  AGCTGATTGCAGCTGTTTCCTGTGTGAAATTAGACGGGCAAC 
77 
 
TGAGTAACAAGGAGCGGAATTATCATTTTTTCTTTTCACCAGTGG
TTATCCG 
78  CTCACAATTCCACTGGCATAATTTTAAAAGTT 
79 
 
TGTTACTTTATTCATTACCCAAATCAACATACGAGCCGGAAGCAT
TTGCGTA 
80  TTGGGCGCCAGGGACAACGGCGACCTGCTCCA 
81  GGAGAGGCGGTAAAGTGTAAAGCCTGGGGTGCCAACGCGCGG 
82 
 
CATCAAGAGTCAATCATAAGGGAACCGCTGCATTAATGAATCGG
CCTAATGA 
83  GTGAGCTAACTCACCAGAAGCTGGCTGACCTT 
84  AAGAACCGGAAGCCGGAACGAGGCGCAGACGGTAATCTTGAC 
 
 
141 
85  AGCGCCAAGCTTTCCAGTCGGGAAGTTGCGCT 
86  AGTTTTGTAACCGATATATTCGGTCGTAATTGC 
87  ACCTGTCGTGCATCTGCGTAACGATCTAA 
88  CACTGCCCAGACAAAAGGGCGACAGGTTTACC 
89 
 
GACAATGAATGAATTTTCTGTATGGGTCAATAGAAAATTCATATT
TCAACCG 
90  ATTGAGGGAGGGACAAATTCGATAGTTGCGCC 
91  GCCCACGCATCGTCTTTCCAGACGTTAGTAACAACAACCATC 
92 
 
AATCGCCAAATAAACACCGGAATCATTAAATATTGACGGAAATT
CGGAATAA 
93  GTTTATTTTGTCAAGGAATGGGCTTAATTGAG 
94  AAAGACACCAATTCATTAAAGGTGAATTATCAAAAGAAACGC 
95 
 
ACCGTGTGAATTTAGGCAGAGGCATTATAAAGGTGGCAACATAT
ACCGTCAC 
96  CGACTTGAGCCATTACTTCGTTTGAAATACCG 
97  GTTAAATAAGTATTTAACAACGCCAACATGTATAAATAAGGC 
98 
 
GTTTTAATTCAACATGTTTTAAATATAATATTTTGTTAAAATTCGG
GATGTG 
99  CTGCAAGGCGATTGTTGCACTTCAAATATCGC 
 
 
142 
100  TGGCGAAAGGGCATTAAATTTTTGTTAAATCATTACGCCAGC 
101 
 
AGCTTAATACCGGAAGCAAACTCCAAGGTGCGGGCCTCTTCGCT
AGCTCATT 
102  TTTTAACCAATAGATCCAGGCGGATGGCTTAG 
103  ATGCTGTAGCTCGAGCTTCAAAGCGAACCAGTGCTGAATATA 
104 
 
TTCAACTAAGTAAAATGTTTAGACTGCGCCATCAAAAATAATTCG
CGCAACT 
105  GTTGGGAAGGGCGGAAGATTAGGAATACCACA 
106  CATTCAGGCTGCGTCTGGCCTTCCTGTAGCCGCGCCATTCGC 
107 
 
GCAAAAGAAGGAATTACGAGGCATAGTGCCGGAAACCAGGCAA
AAGCTTTCA 
108  TCAACATTAAATGTGGTAAGCGAGAGGCTTTT 
109  AGGGGGTAATATGCAGATACATAACGCCAAAAGTTTTGCCAG 
110 
 
AAAGTACAGAAACACCAGAACGAGTAGCGAGTAACAACCCGTCG
CCAGCTTT 
111  CCGGCACCGCTTCTGAGTACCAAGCGCGAAAC 
112  CGCACTCCAGGATTCTCCGTGGGAACAAACGCTCAGGAAGAT 
 
 
143 
113 
 
CATTCAGTTGATAAATTGTGTCGAAAGACGACGACAGTATCGGC
GCGGATTG 
114  ACCGTAATGGGATGGGTCCTAACAAAGCTGCT 
115  GCCCTGACGAACGGAGATTTGTATCATCGCCGAATAAGGCTT 
116  GCGCGTTTTCGTAACCGTGCATCTGGTGTAGA 
117  TCACCAGTACAAACCTCAGCAGCGAAAGACATCACGTT 
118  GCCAGTTTGAAGGGCAGAGTTTCG 
119  TGGGCGCATCATCGGCATTTTCGGAGACTGTA 
120 
 
GTTAAAGGACAGACAGCCCTCATAGTAAGTTTGCCTTTAGCGTCT
CATAGCC 
121  CCCTTATTAGCGTATCTAGAGGCTTGCAGGGA 
122  GGATCGTCACCTACAACGCCTGTAGCATTCCCCGCTTTTGCG 
123  GGCGGATCCATCTTTTCATAATCAAACCGTAAT 
124  CAGTAGCGACAGATTGAAGTCAAGAGAAG 
125  TTATAGTTTTGCTCAGTACCAGATTAGGA 
126  TTAGCGGGCAAATTCTTACCAGTATATCATATGCG 
127  CGATAGCAGCAATCACCGGAACCAGAGCCACAATGAAACCAT 
128 
 
CTGTTTAGTAAAGCCAACGCTCAACAAAGGCCGGAAACGTCACC
CACCGGAA 
129  CCGCCTCCCTCAGAGCGTATACTAGAAAAAGC 
 
 
144 
130 
 
TCAGAAGCGATTCCCAATTCTGCGAAATCCAATAAATCATACAGC
CGGTTGA 
131  TAATCAGAAAAGCAACCGACTGACTATTATAG 
132  CATATGTACCGCAAGGCAAAGAATTAGCAAAAGCATGTCAAT 
133 
 
GTCTGGAAATTAAGAGGAAGCCCGAAAACGGTAATCGTAAAACT
ATTAAGCA 
134  ATAAAGCCTCAGAATGAGAACTAAAGTACGGT 
135  TATAACAGTTAAAGCGGATTGCATCAAAAAGGTTTCATTCCA 
136 
 
AACTAACGCCCCTCAAATGCTTTAAATAAAGCTAAATCGGTTGTC
TGGAGCA 
137  AACAAGAGAATCGGCACAGCGTTAATAAAACG 
138  GCCTGAGAGTACCAAAAACATTATGACCCTGATCAGGTCATT 
139 
 
GCGGAATCAAAGATTCATCAGTTGAGGAGAGATCTACAAAGGCT
TAATACTT 
140  TTGCGGGAGAAGCTTTATTAGCGTCCAATACT 
141  TCATTGAATCGAACAACATTATTACAGGTAGGTCATAAATAT 
142 
 
GAGGCAAAAATTACCTTATGCGATTTTATTTCAACGCAAGGATAA
TGCCGGA 
 
 
145 
143  GAGGGTAGCTATTCTTTAAACCTAAAACGAAA 
144  TGATAAATTAAAAATTTTTAGAACCCTCATAACCGTTCTAGC 
145 
 
ATGGTTTACTTTGACCCCCAGCGATTCCATCAATATGATATTCAT
ATTTTAA 
146  ATGCAATGCCTGATCAATAAATTGGGCTTGAG 
147  AATCATTGTGAGAATACACTAAAACACTCATATTTCAACTTT 
148  AAATCCTCGGTGAGAAAGGCCGGAGGTAAAGA 
149  CTCATTTTAAGACTTTTTCATGAGGAATGTGTA 
150  GACAGTCAAAGTAAGTCAGAGCCACCACC 
151  TTCAAAAGATTAAAGCCAGAATGGAAACAAAT 
152 
 
AGCAACGGGAACCCATGTACCGTAACATTGGCCTTGATATTCACA
AAGCGCA 
153  GTCTCTGAATTTAACGACTTCGGAACGAGGGT 
154  TTGAGGACTACAGGGATAGCAAGCCCAATAGCTACAGAGGCT 
155 
 
TTCGGAACTATCACCGTACTCAGGAGTTCCAGTAAGCGTCATACC
AGGAGGT 
156  TGAGGCAGGTCAGCCGGTTGCCCCCTGCCTAT 
157  CCAGCATTGAATGGCTTTTGATGATACAGGACAGAGCCGCCG 
 
 
146 
158 
 
GTTGATATGTATTAAGAGGCTGAGACCGCCACCAGAACCACCAC
GTGTACTG 
159  GTAATAAGTTTTAAGCTCCTGCCGTCGAGAGG 
160  GGAATAGGTGCTATTATTCTGAAACATGAAAAAGTATAGCCC 
  
 
  
 
 
147 
  
 
Figure S37. Design details of the two-layer structure with corner angles of 29 °. The gray 
strand is the scaffold.  
 
 
Name Sequence 
1 GGAACCCTTCCACTATTAAAGGCGCTGGCAAGTGGACGCTCA 
2  ATCGTCTGAAATGGCGCTAGGAACGTGGAAAAGCACTAAATC 
3  GAGAAAGGAAGCACCAGTCAATCAAGTAACCGTCTATCAG 
4 
 
ACGACGACTACGTGAACCATCACCCAACACGACCAGTAACGAAC
GTGGC 
5  GAGGTGCCGTCTCCAACGTCAAAGGGCGAAATTTTTGGGGTC 
6  TTGGCAGATTGGAAGAAAGCGAAAGGAGCGGGATTATTTACA 
7  GGCGATGGCCCACAATAAACATAGTCTTTAATGCAATAGATT 
8  AGAGCCGTCAATAATGGCTATACATGTTCCTGTCCAG 
9  GCGTAAGAATACGGAAGTATTATAAAGTATTTATCAACAATA 
10  GATAAGTCGTAATAAGAGAATAGACTTTACAAACACCTGAAA 
 
 
148 
11  TAAAGTAATTAGCTAATGCAGAACGCGCCTGCCGACAAAAGG 
12  TGAGGATTTATGGCACAGACAATATTTTTGAGATAATACATT 
13  TCGAGCCACTGAACAAGAAAACCAGAAGGAGCGGGAAATTGC 
14  GTAGATTTTCAGGAGAAACCAATAATATCGGCAGAGGCATTT 
15  AAAGTTTGAGTAAAGTAACAGCATATTTATAGAAACCAATCA 
16  ATAATCGGAATTGAGAATCGCTACCTTTTACATCTAATTTTA 
17  ATGTAATTTACCATCCTAATTTACGAGCATGACAACGCCAAC 
18  ATGAATATACCATTATCATTTTGCGGAACAATTTAACGTCAG 
19 
 
TAGGGCTTCTGTCTTTCCTTAAAAAGAAGATGATGAAACCTTTTT
CA 
20  ACAAAATTAATTAACCTGAGCTCATTCCACAACGCTCAACAG 
21  AAAATCGCGCAGATTACCTTTCGTTATACACCGCACTCATCG 
22  AGAACAAGTTAGTATCATATGTTTAATGGAAACACAAGTTAC 
23  AGTATAAAGCAGAACGGGTATTAAACCAAGTAAATTCTTACC 
24  TTCATTTGAAGGCGAATTATTCATTTCAATTCATTTAACAAT 
25  GAACAAAGCCAGCTACAATTTACTAAAGAAAACATCAAGAAA 
26  AAGCCTGTCAAGCCGTTTTTACGATAGCTTAGATGCGAGAAA 
27  ACTTTTTCAAATAAAACATAGTTTTCATCTAATTACTAGAAA 
28  TCGCTATTAATTACTGACCTAGCGTTAAAAATAGCAAGCAAA 
29  TCAGATATTGTGATAAATAAGAATTTAATGGTTTGTAAATCG 
30  ACCGGAATCAGTAGGAATCATTACCGCGCCCTAAGAATAAAC 
31  ATTTCATCTTATTTTCCCTTAGAATCCTTGATATTTTAGTTA 
 
 
149 
32  AGAATAGCCAGCTGATTGCCCCTACAGGGCGCGTCCAGAACA 
33  ATATTACCGCCAGATGCGCCGTTCACCGCCTTATAAATCAAA 
34  ACGCTGCGCGTAATCATGGAATGATGGTGCAAGCGGTCCACG 
35 
 
AGGGAAGCGCAGGCGAAAATCCTGTTATACCTACATTTTTAGCG
GTC 
36  GGCAAAATCCCTGGCCCTGAGAGAGTTGCAGGTTCCGAAATC 
37  GGAAAAACGCCCACCACACCCGCCGCGCTTACCATTGCAACA 
38  CTGGTTTGCCCCAGCATTAGACAGCAGAAGATAAAAATCAAC 
39  AGTTGAAAGGAATCGAACCACCGGGAGAAATAAAAAC 
40  AGCCCTAAAACTCTTTAGGAAAATAGCAGTCAGAGGGTAA 
41 
 
TTGAGCGCAACGTCAAAAATGAGCACTAACAACTGCGAACTGAT 
42  AGAGAATAACTTAACTGAACACCCTGAACAAAGCCTTTACAG 
43  ATCTAAAATAATCGCCATTAAAAATACCGAATGAGGAAGGTT 
44  TTTTGTTTTAATATCAGAGAGTCCTGATTGTTTGCTGAATAA 
45  TGGAAGGGTTAGACAATATAAATAACCCAATAAGAAACGATT 
46  TCATATTCCTGATTGCACGTAAAACAGCCTAATAAGAGCAAG 
47  AAACAATGCCAGTTACAAAATAAACAGAAATAAAAATTATCA 
48  CCCAATCCAACAAGAATTGAGTTAAGCCCAAATATTATTTAT 
49  CAAAATTATTTATCAGATGATGGCAATTCATACCTACCATAT 
50  CTAATTTGAAATAGCAATAGCCCACTACGAAGGCCGAAAGAC 
51  AGCATCGGAACGAACGTAATGTATCTTACGTCTTTCCAGAGC 
 
 
150 
52  TGAGGAAGCTTTGAGGTATCCTGATAAGCAGATAGCC 
53  GCTAACGAGCCGAAGCCCTTTTTAAGAAAAGATCTTACCAAC 
54  GCTACAGAGGTTTCCATTAAACGGGTAAAATGGGTAGCAACG 
55 
 
TTTTGCACTTACCAGAAGGAAGAGACTACCTTTTTAACCCGTCAC
CA 
56  GGGTTATATAACTAGGTCTGAACCGAGGAAGATTAGTTGCTA 
57  TGAGAAGAGTCAATCCAATCGCTTGCGGGCCAAAAGAACTGG 
58  CATGATTAGCGAACCTCCCGACAAGACAAAGAACTAAGACGC 
59  CCTTAAATCAAACGCAATAATAACGGAATACAGGTTTTGAAG 
60  CTGATGCAAATAGTGAATTTATCAAAATCATATATGTAAATG 
61  TCGGTCATACATACATAAAGGCTGAGTTTTCCGGCTTAGGTT 
62  CGTATTGGCGACTCTAGAGGAAGAGCGGGAGCTAGATTAGTA 
63  ATAACATCACTTGTTAGAATCTCCCCGGGGAGAGGCGGTTTG 
64 
 
GTTTCCTGCCTGTCGTGCCAGTTGCTGGTAATATACTATGGTTGC
TT 
65  TGACGAGCTATCGGCCCTGCATTACATGGTCATAGCT 
66  AACGCGCGGGTACCGAGCTCGAATTCGTAATATGAATCGGCC 
67  GAACTCAAACACGTATAACGTGCTTTCCTCGCCTGAGTAGAA 
68 
 
TCGGGAAATGTGAAATTGTTAGAGAGCCAGCAGCAAATGTGAAT
CCC 
 
 
151 
69  ATCACCTTGCTGAGCCACGCTTCCGCTCAGCCCGCTTTCCAG 
70  TGAGGCGGTCAGTATCAATATTAACTCACCCGGAAGCATAAA 
71 
 
ATTATCACGGTGCCTAATGAGTGAGCCTGGTCAGTTGGCAACAG
AGG 
72  TGCGCTCACTCAATTCCACACAACATACGAGATTAATTGCGT 
73  CAAACCCTCAATTAACACCGCCTGCAACAGTACCTCAAATAT 
74  GTGTAAAGCCTGGCGTCACCGGGACGTTGGGAAGCACCAGAA 
75  CAAAAATAGGCTGCGCAACTGATATTCATAAAAATCTAAAGC 
76  CGAGTAGTAAATTACCAGTCAACTTGAGCAAAGGTGA 
77 
 
GATTAGAATTACCTTATGCGACAACTTTAAAGGTAAAAAAATCA
CCAGTA 
78  GCACCATTGATTGAGGGAGGGATCATTGTTACTT 
79  ATTATTCATTCATTTGGGAATTAGAGCCAGCTATTGACGGAA 
80  GGTTTAATTTTTTTAAGAACTGGCTCATTATGGGCTTGAGAT 
81  ATTCAACCACCATTAGCAAGGGACCCCCAGCGATATTCGGTC 
82  GCTGAGGCTTGCATCATCTTTCCGGAAACACAAAAGGGCGAC 
83  AAAACGAAAGAGGCGGGATCGAAAATTCAAGCAGCACCGTAA 
84  TCAGTAGCTCACAATCAATAGTCACCCTCAGCAGACCAACCT 
85  AGCGCCAAAGGTCACCAATGAAACCATCGATTATGGTTTACC 
86  GCCGCTTTTGCAAAAGAATACACTAAAACACGGGAGTTAAAG 
87  TTATTTTGGACAGAATCAAGTCCTCATAGTTAGCCCCTCATT 
 
 
152 
88  TTCAGGGATAGCACAGACAGCTTGCCTTTCCACGGAATAAGT 
89  GTACAAACCCGTAACATGGCAACATTCATCGGCATTT 
90  CGCAAAGACAAGCGTCAGACTGTAGCGCGTTTATAAAAGAAA 
91  AACCCATGTATACAACGCCTGTAGCATTCCAAGCCCAATAGG 
92 
 
ACGACGTTCCCCAAAAACAGGCTGAGAAGTGTTTTTATATTAATT
GC 
93  CCGAGTAAAAGAGCCAGAATCAAGATTGTGGTTTTCCCAGTC 
94  GCCGATTAAAGGGCCGTTGTATGCAAGGCAAACGTTAATATT 
95  TTGTTAAAAAGGGGGATGTGCGCAATACTTCTTTAACAGGAG 
96  GTAACGCCAGATAAGCAAATATTTAAATTGTGATTAAGTTGG 
97  CGCAAATTAAATTTTAGACAGGAACGGTACGTCTGTCCATCA 
98  CCTCAGAGTCAGGTCATTGCCGAGTACCTATCAGTGAGGCCA 
99  GCTGGCGAATTCGCATTAAATCCATAAATCAAAATAGTAAAA 
100  TGTTTAGACTGGAGAGAATGATTTTGTTACGCTATTACGCCA 
101  CCTCAAATCGTCATAATTGGGAAGATAGGAACGCCAT 
102  CGGGCCTCTTAATCAGCTCATTTTTTAACCAGGCGATCGGTG 
103  ACTGCGGAATGCTTTAAACAGTTCAGAAAACTAGCGTCCAAT 
104  GCCATTCAATTCGCGTCTGGCGAAAGATTCATCACATTACCC 
105  AAATCAACGTAACTACAGGTACTTCCTGTCAAAGCGCCATTC 
106  ACGTTAATAAAACAAGGCTTGCGGCACCGAATGTGAGCGAGT 
107  AACAACCCCCAGCCAGCTTTCCCCTGACGAGAAAAAAAATCT 
108  GGAAACCAGGAGCCAGCTTTCATCAACATTACTTCTGGTGCC 
 
 
153 
109  TTCAGTGAATGAACTAACGGAACAACATTATAAAGCTGCTCA 
110  ATCGCACTGTCGGATTCTCCGAAATTGTGTCGAAACAGCTTG 
111  ATACCGATAGTTGCGCCTGATTGGGAACACGGCCTCAGGAAG 
112  GCGCGAAACAAAGTCGCCCACCTGCCAGTGGATAGGTCACGT 
113 
 
CTCAGAACCGCATCGTAACCGTGCATGCATAACCGATATTATAC
CAA 
114  ACGACAGTATAACGGCGGATTGACCGTAATGTTGAGGGGACG 
115  ACAACAACCATACAACGGAGATTTGTATCATCGCCGACAATG 
116  TGGTGTAGATGGGCGCCACCCCTGTATGGGATTTGGAGGTTT 
117  AGTACCGCCACCCTGAATTTTTCAGAGCCCCGCCACC 
118  CTAAAGTTTTGTCCCGCCACCAGCCACCAAGAACCACCACCA 
119  GAGCCGCCTCACCGGAACCAGCTCAGAGCCACCAGTAACGAT 
120  TCCCTCAGAGACCACCCTCAGAGCCGCCACCCCGGAACCGCC 
121  ACCCTCAGAAGTCTTTCCAGACGTTAGTAAATCAGAACCGCC 
122  TAAAACTAACATCCAATAAATAGCTTAATTGCTGGCTTCAAA 
123  GCGAACCAGACCGTGGCTTAGCATACAGGTGAACGGTAATCG 
124  TCCTTTTGGGATTAGATGAGAGTCTTAAGCAATAAAG 
125  AGAGAATCGACAAGGCAAAGAATTAGCAAAATGGAGCAAACA 
126  CAACAGGTCAATAAGAGGTCATTTTTGCGGAGAAGCAAACTC 
127  AAAGGCTACATAAAGCTAAATAAAAAGATTAAGAGACGACGA 
128  TAAAAACCAAAATATTGCATCCGGTTGTATTGAGAGATCTAC 
129  TTTACCCTGACTAAAGTTTTGTAAATTAAAATACTTTTGCGG 
 
 
154 
130  GAGAAGCCCCGTTCTAGCTGACCAGAGGGGGTAAATCAGGTC 
131  GTAGCTATTTCCAAAAACATTATGACCCTGTTGCCGGAGAGG 
132  TTTGCAAAAGTTATAGTCAGAAGCAAAGCGGAGCGAGAGGCT 
133  ATATTCAATTTATTTCAACGCAAGGAATTACGAGACAGACCA 
134  GGCGCATAGGCTGAACGCCAAAAGGATAACACCATCAATATG 
135  TTAGGAATACCACTCTTGACAAGGGTGAGATTTTAAATGCAA 
136 
 
CTGGTAATTGTAGGTAAAGATTCAAAAGAACCGGATATTGTTGA
GAT 
137  ACAGTCAAATAAATTTTTAGAACCCTCATATAAAGGCCGGAG 
138  TCAAGAGTAAATTCAACTAATGCAGATACATGCTGACCTTCA 
139  TGCCTGAGTAATGAAGTTTTAATCATAAGGGAACGGCTCCAA 
140  AAGGAGCCTTTAAGACGGTCAACGGGGTCGGAGTGTA 
141  CCTGCTCCATGTTCTTTCGAGAAGCGTCACGTATAAACAGTT 
142  AATGCCCCTTACCGTTCCAGTGTGAATTTCTTAAATCCGCGA 
143  TGATGATACAAGTGCCTTGAGTAACAGTGCCTACATGGCTTT 
144  TATCAGCTTGACTTAGCCGGAACGAGGCGCATTGTATCGGTT 
145  CTCTGAATCTGCCTATTTCGGCTAAAGGAATTGCGGATAAGT 
146  GCCGTCGAGAGGGAGGAACAAAACCTATTTGGAAAGCGCAGT 
147  AACTTTCAACAGTATAGGTGTAAACAAATAAGAGGCTGAGAC 
148  TCCTCAAGCCTTGATATTCACATCACCGTACTCATGCTAAAC 
149  AAAGCCAGAAATTCTGAAACATGAAAGTATTAAATCCTCATT 
150  ATAGCCCGGATTCAGCGGAGTGAGAATAGAATTGATATAAGT 
 
 
155 
 
 
 
Figure S38. Design details of the two-layer-60 ° structures. The gray strand is the scaf-
fold.  
 
Name Sequences 
1  AAGGGATTTTATTAACTGAA 
2  TTGAGCGCTATATCTTACCG 
3 
 
AAATAGCAATAGCGCATTAGACGGGAGAAGAACAAAACAATG 
4 
 
ACGCCAGAGGAAGCATATCAGAGAGATAACCCCAGGAACGGT 
5  CATAAAAACAGATCCTGAGAAGTGTTTTTATAGAGAGAATAA 
 
 
156 
6  TTGCGGATGCTCCTTTTGATAAGACAATAATA 
7  AGAGCAAGAGAATTGAGTTAAGCCGGTCATTT 
8  GAGGTTTTGAAATTTTGACGCTCAATCGTCTGCGACTTGCGG 
9  TCTAAAGTTTATAGAAGGCT 
10  AAGCAAATCAGCGTTTTAGCGAACCTCCAAATAGCCAATAGC 
11  ACATTGGCGAGGATTGTCGTCTTTCCAGACGTTGGATTATTT 
12  TCTAAGAACGCAGATTCACCAG 
13  TTCTGTATGGGTCGTAGGAATCATTACCGCGCTAAATGAATT 
14  AATCTTACCAAAATATCCAGAACAATATTACCTTTTATCCTG 
15  TCACAAACAACCAGTACAAA 
16  CTGAGTTTCGTTTTGCACCCAGCTACAAGCCCAGCCGTAACA 
17  ACAGGAAACTATCAATAAATCCTCATTAAAGCAGCCATTGCA 
18  AAGATTAGTTGAACGCTCATGGAAATACCTACGCCTTAAATC 
19  GCAGTCTCTGAAGCCCAATAGGAACCCATGTAAATGGAAAGC 
20  CATATTATTTATCTTTGATTAGTAATAACATCAATAAACAGC 
21  TTATCACCGTCCAGAGCCGC 
22  ACCAGAACCACTAATTTGCCAGTTACAAACTGGGGAGCCGCC 
23  GAAGAACTAGCCCACACCGACTTGAGCCATTTTGCCTGAGTA 
24  CGTCTTTCCAGCAAACTATCGGCCTTGCTGGTCGCTAACGAG 
25  AGCAAAATCACCCCTCAGAGCCACCACCCTCAAATTAGAGCC 
26  CAGCCTTTACAATCAGTGAGGCCACCGAGTAAATGAAAATAG 
27  GAAACCGAGGCATTCAACCG 
28  GACAAAAGGGTTTTGTTTAACGTCAAAAAAGATAGCGCCAAA 
 
 
157 
29  TCACGCAAATTCGAAAACGCAATAATAACGGAAGTCTGTCCA 
30  AATAAGAAACGATTAACCGTTGTAGCAATACTTCCCAATCCA 
31  CTGGCATGATTGAAAATTCATATGGTTTACCACCCAAAAGAA 
32  GTTGCAGCAAGCACGTATAA 
33  GGCTTAGAGCACCTTTAATT 
34  AGGATTAGAGCTATGGTTGCTTTGACGAGCGGCTAACAGGTC 
35  GTTTGCCCGTAAGTTTAATTGCTGAATATAATGTCCACGCTG 
36  CTACAGGGCGCCAGCAGGCGAAAATCCTGTTTTAATGCGCCG 
37  ATGTTTTAAATACCAGACCGGAAGCAAACTCCGTAGCTCAAC 
38  GCGCGAACTTTGAATGGCTATTAGTTTTGGGG 
39  TCGAGGTGTCACCCAAATCAAGTTTCTTTAAT 
40  TGATAGCCCTAGACAATATT 
41  CAACTTTCAAAGCAAGCCGTTTTTATTTTCAATTTTGCTAAA 
42  CTCATCGAGACGTAAGAATACGTGGCACAAAAATGTACCGCA 
43  TAAAAATAAAGACACAGTTTCAGCGGAGTGAGACATCGCCAT 
44  TTCTGACCTGACCGAACGAACC 
45 
 
AACTAAAGGAACAAGAACGGGTATTAAACCAAAGAAAGGAAC 
46  AGCCCCCGATTCGAAAAACCGTCTATCAGGGCCCCTAAAGGG 
47  CAGTAAGCGTCCCTCATTTTCAGGGATAGCAATTTACCGTTC 
48  CTCAGAGCCATAAAGCACTAAATCGGAAGATATACCGCCACC 
49  GTGAACCACCGCCACATACATGGCTTTTGATGGGCCCACTAC 
50  CTGGTAATAAGTCAGAACCGCCACCCTCAGAACAGGAGTGTA 
 
 
158 
51  GCGAAAGGAGCAGTGTTGTTCCAGTTTGGAACAGGGAAGAAA 
52  TTACCATTAGCCGCCACCCTCAGAACCGCCACAGTAGCACCA 
53  GCCTCCCTCAGAACGTGGCGAGAAAGGAAAGCAACCGGAACC 
54  TAAAGAACGGCGAGCAAGGCCGGAAACGTCACAGTCCACTAT 
55  CGGGGAAAGCCGTGGACTCCAACGTCAAAGGGTAGAGCTTGA 
56  GATAGCAGCACTCACCGGAACCAGAGCCACCATGAAACCATC 
57  CCCGCCGCGCTGATGGTGGTTCCGAAATCGGCAACCACCACA 
58  TTACGCAGTATTTATTTTGTCACAATCAATAAAGACTCCTTA 
59  ACCACGGAATAGCGGTCACGCTGCGCGTAAAATAGCAAAGAC 
60  AATCAAAATGTAAGTGTTAGCAAACGTAGAAAATCCCTTATA 
61  GCGCTGGCAAGGAATAGCCCGAGATAGGGTTGGGGCGCTAGG 
62  ATTCATCAAACAACATTATTACAGAACATATA 
63  AAAGAAACCATACATAAAGGTGGCGTAGAAAG 
64  ACCGACAAAATATTCGGTCG 
65  GACAACAACCCGACGACAATAAACAACATGTGCGCCGACAAT 
66  AATTCTGTCCTGAGTGAATAACCTTGCTGCCATAGGTAAAGT 
67  TAAATCAATATAGGCATTTTCG 
68  TTAAATCAGCTTAAATGTGA 
69  GTCGCTATTAAAGAATCGCCATATTTAACAACTCTGTAAATC 
70  CTTAGAATCCTCTCAACAGTAGGGCTTAATTGTTAATTTTCC 
71  AGCCAACGTGATAGATTAAACGGGTAAAATACACCAGTATAA 
72  GATTAGCGGAGACTCCTCAAGAGAAAAGACTT 
73  TTTCATGAAGAGGCTTTGAGGACTAGGATTAG 
 
 
159 
74  GGAAGTTTCCCAACGGCTAC 
75  GCAGCGAAAGATGCCACTAC 
76  GGAACGAGGGAAACATAGCGATAGCTTACTTGTAACAGCATC 
77  CTGAGAAGAGTATCATATGCGTTATACAAATTGATTAAGACG 
78  TTTATCAAAATACTAGAAAAAGCCTGTTTAGTCAATAGTGAA 
79  TCATAATTCATCGCACCTTCATCAAGAGTAATAACACCGGAA 
80  AGGCTGGCTGGAAACAAAGTACAACGGAGATACCAGGCGCAT 
81  ATCTTTGACCGACAAGAACC 
82  TTATACCAAGAGGTCTGAGAGACTACCTATACTTCCCAGCGA 
83  CGGCTTAGGTTTAAATAAGGCGTTAAATAAGATTTTAACCTC 
84  ACTATATGTAATTTGAAATACCGACCGTGTGAGGGTTATATA 
85  TTTAATGGATGCGATGCAAAAGAAGTTTTGCCCTGACCTAAA 
86  GAGAGGCTTTGTAGTAAATTGGGCTTGAGATACCAAAATAGC 
87  AGGCTTGCCCGGGGGTAATA 
88  AACACCAGAACTGATGCAAATCCAATCGCTTAGATGACGAGA 
89  TTAATTTCATCAAGACAAAG 
90  TATTTTAGAACGCGAGAAAACTTTTCGCGTCT 
91  GGCCTTCCCGCCATCAAAAATAATTTCAAATA 
92  AATAGGAATGTAACCTGAAAAGGTGGCATCAATTTTTTAACC 
93  GGGGCGCGAGAGTTCAGAAAACGAGAATGACTATTTTCATTT 
94  ATTCATTGAATACTAATAGT 
95  AAATGCTTTAAGCCAGCTTTCATCAACATCATTCTCCCCCTC 
96  TTAGGCAGATGAGAATCGCCCACGCATAACCGAACATGTAAT 
 
 
160 
97  GCGACAGAATGCCATCTTTTCATAATCAAAACGTAATCAGTA 
98  ACGGTGTACAGTTGTATCATCGCCTGATAAATGGACAGATGA 
99  GTACCTTTCCACTGGAACTGACCAACTTTGAATACAGTAACA 
100  GTAATGGGATTTACGCCAGC 
101  ATCATTTTGCGAACAAAATTAA 
102  GTTAGAACCTATACATCGGGAGAAACAATAACTAATGGAAGG 
103  ATACTTCTGAAGGATTCGCCTGATTGCTTTGATGTTTGGATT 
104  CTCAGTACCACATCAATATAATCCTGATATAGCTGGGTTTTG 
105  TCAGTGCCTTGGAGGTTTAGTACCGCCACCCTTTTAACGGGG 
106  AAATCGCGATTGGCACATGAAAGTATTAAGAGCCAAGTTACA 
107  TTATTCTGAAGGATAAGTGCCGTCGAGAGGGTTCGGAACCTA 
108  CCCCTGCCTATTTGATATAAGTATAGCCCGGACAGTTAATGC 
109  ATCACCGTACTCAATCAATATCTGGTCATAGAAAATAGGTGT 
110  CAACAGTGCCACGACAACTCGT 
111  TTTTCCCAGTTTCTTTTCAC 
112  AAAATATCTTGTTGGCAAAT 
113  GGTTATCTCAACAGTTGAAAGGAATAAAGTGT 
114  AAAGCCTGATACGAGCCGGAAGCATTGAGGAA 
115  CACACAACGGGTTTCAAGTTTGCCTTTAGCGTCTCACAATTC 
116  CTTATTAGCGTGCCTAATGAGTGAGCTACCGCAGATAGCCCC 
117  ATTGCGTTGCGTTTCCTGTGTGAAATTGTTATACTCACATTA 
118  GCTTTCCAGTCTCGTAATCATGGTCATAGCTGCTCACTGCCC 
119  GCTCGAATGGGAACAGGAATACCACATTCAACCGGGTACCGA 
 
 
161 
120  GTTGAGATTTGAACTAACGG 
121  CGACGATAAAAGGTTTAATTTCAACTTTAATCGTTTACCAGA 
122  ACGTTAATAAAAACCTGTCGTGCCAGCTCCCTAAAAAAATCT 
123  TAACGCCAAAAACCAGTCAGGACGTTGGGAAGTGCAGATACA 
124  GCATAGTAAGTTTTAAGAACTGGCTCATTATGGAATTACGAG 
125  AGGAAGATGGTCGAAGCAACACTATCATAACCTATCGGCCTC 
126  TTACCTTATGGCCGGAAACCAGGCAAAGCAGCTCATTGTGAA 
127  ATCGGCCAACGTGCAGGTCGACTCTAGAGGATGCATTAATGA 
128  GGCGGTTTGCGCCAGTGCCAAGCTTGCATGCCCGCGGGGAGA 
129  AACGACGGTATGTTTGGAAGTTTCATTCCATAGACGTTGTAA 
130  GTACGGTGTCTTAATTCGAGCTTCAAAGCGAATGCAACTAAA 
131  CTGTTTAGCTACATAAATCAAAAATCAGGTCTGGTCAATAAC 
132  CAAATATCGCTGGGCGCCAGGGTGGTTTCACTAAAAAGACTT 
133  CCAATTCTGCGAAAAGATTAAGAGGAAGCCCGCAGTTGATTC 
134  TTAGTTTGACGAAGCAAAGCGGATTGCATCAAACGAGTAGAT 
135  GTAGATGGTCGTCACATTAGATACATTTCGCATCACGTTGGT 
136  ACTATTATAGGTGCGGGCCTCTTCGCTAAGGAATTTACCCTG 
137  AACTAATACCCTCAGAGTAACAGTGCCCGTATGAGCACTAAC 
138  CAAATATCAAAGATTAGAGCCGTCAATAGATATGCTGAACCT 
139  AAGCATCACCTATACATTTGAGGATTTAGAAGGAAAAATCTA 
140  CCAATCAATATGAGAGCCAGCAGCAAATTATAAATGTAGAAA 
141  TACCGATAGTTTCAGCTAATGCAGAACGCGCCAACAGCTTGA 
142  AATTTTTTCAGGCTGTCTTTCCTTATCATTCTTGCGAATAAT 
 
 
162 
143  AAACAATTCGCATCCGTTGAAAATCTCCAAAATAGACTTTAC 
144  AGGAGCCTTTATCCCATCCTAATTTACGAGCAAGGCTCCAAA 
145  TTATCAGCTTTCCTGAACAAGAAAAATAATAATTGTATCGGT 
146  ATCAAGAAGAAAAGGCTTTCGAGGTGAATTTCTGAAACAAAC 
147  AACAATAGATCAAAGAAACCACCAGAAGTGATTATGTTTATC 
148  AGATGATGGCACAGAGGCGAATTATTCATTTCCCTGATTATC 
149  ATCATCATATTAATTACCTGAGCAAAAGAAGAGAGCGGAATT 
150  AATCCGCGACTATCAAAATTATTTGCACATAAGATGTGTCGA 
151  CGTCAGATGAGTAAAACAGA 
152  AGGTTTAAAATAAAGAAATTGCGTTTCCGGCA 
153  CCGCTTCTCGCACTCCAGCCAGCTAGATTTTC 
154  CATTCAGGCTGGCCAGTTTGAGGGGACGACGACGCCATTCGC 
155  GGGAAGGGCGAGCGCATCGTAACCGTGCATCTCGCAACTGTT 
156  TAAGGGAACCCTCCATGTTA 
157  GTCAATCACTTAGCCGGAACGAGGATCGGCAT 
158  TTTCGGTCACTGTAGCGCGTTTTCCGCAGACG 
 
 
 
163 
 
Figure S39. Design details of the two-layer-90 ° structures. The gray strand is the scaf-
fold.  
 
No. Sequences 
1  AAAACGAACTAGAAAGACTTCAAATATCGCGTCTACGTTAAT 
2  ATTTTTGCGGACAGTACCTTTTACATCGGGAGATAAGAGGTC 
3  TCGAGCTAATTGCTCCTTTTGAAACAATAGAAAAATTTTAAT 
4  TCGCCTGTACCTTTTCAAAGCGCAGGACGTTGGGAAACGGAT 
5  ATTATACCAGTAACCAGACCGG 
6  GGATTAGAGAGATTGCTTTG 
7  ACCACATTCAATTTACCCTGACTATTATAGTCATTTAGGAAT 
8 
 
ATTAATTACATAAATGCTGATGCAAATCCAATAGAAAACAAA 
 
 
164 
9 
 
AAAGCGGGAAACAAACATCACGCAAGACCAGTTGAGAGAAG
C 
10 
 
GCGAGAAAGATGATATTGCATCTAGAAAGATTCATAAAGAAC 
11 
 
ATTATTACAGGAAAAAGATTAAGAGGAAGCCCACGGAACAA
C 
12  TGAGCAAAAGAAACTTTTTC 
13  ACTATCATAACATCCCCCTCAAATGCTTTAAATAAGAGCAAC 
14 
 
CACCGGAATCAATGTAATTTAGGCAGAGGCATTAAGAATAAA 
15 
 
AGAAAACATAAGGCGTTAAATTTCGAGCAGGCATAGCAGTTC 
16 
 
AAGAGATGTGATAAGAGAATGAAAAAGGAATTACGCAGTAA
T 
17 
 
TACATAACGCCCCATAAATCAAAAATCAGGTCCTAATGCAGA 
18  ATACCGACCGATATAAAGTA 
19  AGTAAAATAGAAGTTTTGCCAGAGGCCTTAAA 
20  TCAAGATTTGCGGGAGGTTTTGAAGGGGTAAT 
21  GTTTAGACTGCTTTTGCAAA 
 
 
165 
22  AAAGCCGGCCCCCGATTTAGAGCTGAACAAGA 
23  AAAATAATACAATAGATAAGTCCTTGACGGGG 
24  GTCCAATCGCCTGTTTATCAATCCCATCGCGAGAGGGATAGC 
25 
 
ACGAGCGCAGAACGACTGCGGAAAAAACCAAAATACTAATT
T 
26  CAGACGACGATATCGTCATAAATATTCATTGACCTCGTTTAC 
27  TTCAGCTAATATGTAGAAAC 
28  AACGCGAGGCTACAATTTTA 
29  GCCGGAAGCTCACAATTCCACACACGTAGGAA 
30  TCATTACCCCGTTTTTATTTTCATACATACGA 
31 
 
GCGAACCGAGAACAAGCAAGGCGCCCAACACCCAGCGTTTT
A 
32  CAAATCCACTCATCTCCCGACTAGTTGCTATTTTGTAGCAAG 
33  CCAAGTACCGAGATATAGAA 
34  GTCTGGCCTTCTGAGTTTCGTCACCAGTACAAAATAATTCGC 
35  TTTAAAAGTTTAGTAGCATT 
36  ACGCCTGATTCTACTAATAGTGAGTAACCCATCAAAACTACA 
37  TTTTGCTGGCATCATAGCATTCACCAATAGGAACGATTATCA 
38  CTCATTTTTTACACAGACAGCC 
 
 
166 
39 
 
AACCACCAGAATTGGGGCGCGAGCTGAAAAGGGGAACAAAG
A 
40  TTCTCCGTGGGTCAGAGCCACCACCCTCATTTACCCGTCGGA 
41  TCAGTATTAAATTAGACTTT 
42 
 
ATAGCAAAGGATTTAGAAGTCACCGCCTGAGTAACATCAGGG 
43  TGCCACTACATTTGGCCCAATAATTAAATGTGAGCGCAACAG 
44  CTTTCATCAACGGAACCCATGTACCGTAACACCTGTAGCCAG 
45 
 
AGCAGCAAATGATTAGAGCCGTCAATAGATAAGCTGAGAGC
C 
46  GCATCGTAACCTCACCGTACTCAGGAGGTTTAGTAGATGGGC 
47  GAGTCTGTCCACATCGCCAT 
48  CCACCCTTGATAGCCCTAAAATCACGCAACGTTGGTGTACCG 
49 
 
CGTTGTGCGCGAACCAGAACCGAATGGGATAGGTCAATTAAC 
50 
 
GGATTGACCGTCCACCCTCAGAACCGCCACCCAACAAACGGC 
51  CTTTGATTAGTGAATGGCTATTAGTCTTTAATAGCAATACTT 
52 
 
CACTCCAGCCATCAGTACCAGGCGGATAAGTGAGGAAGATCG 
53  GGTGGTTCCGGGAACGGTAC 
 
 
167 
54  AGAGGGTGGGATTTTAGACAAAATCGGCTCGGCCTCCCGTCG 
55 
 
CTTATACGATTAAATGATATAAGACGACGACAGTAAAAATCC 
56  CAGTTTGAGGGGTATAGCCCGGAATAGGTGTAGTGCATCTGC 
57 
 
ATAGCCCGAGAAGCGGGAGCTAAACAGGAGGCAATCAAAAG
A 
58  ATTAAGAGGCCCATTCGCCA 
59  GGAAGGGCGAAGAGAGTTGC 
60  TCCTCAACCGCCTGGCCCTGTCGGTGCGGCAAAGCGTGAGAC 
61 
 
TCGCTAGCCCTTCAGAGAAGGATGCCGGAAACCAGGGCCTCT 
62  ACCGCTTCTGGTTAGGATTAGCGGGGTTTTGCGCTTTCCGGC 
63 
 
TGGCGAAAGGGTGAGACGGGCAACAGCTGATTTTACGCCAGC 
64  ATATTTTCATGGAGCGGAATTATCATCATATCCTGTTTAGCT 
65  TATAATCCTGAATTTAGTTTGACCATTAGATAAATTCATCAA 
66  GATGGCCATTTCGCTTTTTTCATCTGTATGGGATTATCAGAT 
67  TAAATGAATTTCGTTGAAAATC 
68  AACGTCACCACGTATAAACA 
69  ATAATAAAAATGGTCAATAATCCTGATTTTGCTAAATTGCGA 
70  ACTAAAGGAACAACTTTCAA 
71  AAGGAACACAGTTTCAGCGGAGTGCGCCACCA 
 
 
168 
72  GAACCACCCCACCACCCTCAGAGCAGAATAGA 
73 
 
TCAAACAAGGTTATCCTCAGAGACCAGAGCCGCCGTCAAATA 
74 
 
ACAACTAATAGAAAAATCTAAAGCATCACCTTAGGAGCACTA 
75  CGATAGCTCCCTTAGAATCCTTGAAAATCAAC 
76  AGTTGAAATATCTGGTCAGTTGGCAAACATAG 
77  GGAATTGAGGCCTCAATCAA 
78  CCGCCACCTAAAATATCTTTGCTGAACCCCAGCATTTCAGAA 
79 
 
TGAGGCAGGTCCCTCCCTCAGAGCCGCCACCCGACAGGAGGT 
80  CCTTGATATTCCCAGAGCCACCACCGGAACCGAGACGATTGG 
81 
 
ATCGGCTGACCTGACACCGGAAACAAACAAATAAATCAAACT 
82  ACAATATTTTTAATAACATCACTTGCCTGAGTCGTGGCACAG 
83  ATATCCAGAACCCAACAGAGATAGAACCCTTCCTTGCTGGTA 
84 
 
TCAAAATAAGCGTAAGAATAAGAAGAACTCCTCATTTCATAA 
85  TGGAAAGCGCATTATTAGCGTTTGCCATCTTTAAAGCCAGAA 
86  TTACCGTTCCAGCATTTTCGGTCATAGCCCCCGTCTCTGAAT 
87  CACTATCTTTGACGTTTCATCGGTAAGCGTCATACAAGAGTC 
88  GTTAGAATCAGTAGGGTTGAGTGTTGTTCCAGTGCTTTCCTC 
 
 
169 
89 
 
GGACTCCAACGACAGGGCGCGTACTATGGTTGTAAAGAACGT 
90  AGCGCGTAGCACGTATAACGTTTGGAACATGGCTTTGACTGT 
91  GGAGTGTACTGTCAAGTTTGCCTTTAGCGTCATGATGATACA 
92 
 
TTAACGGGGTCCCGTAATCAGTAGCGACAGAAGTAATAAGTT 
93  GGGTTTGGTTTGCGTAGCAGCAAGTGCCTTGAGTAAACGCCA 
94  CTTTTCACCAGGGATGTGCTGCAAGGCGATTAGGTGGTTTTT 
95 
 
GACGTTGTAAAGGCCAACGCGCGGGGAGAGGCTCCCAGTCA
C 
96 
 
CCATCGATATTGGGCGCCAGAGTTGGGTACAGTGCCATGAAA 
97  TTTTAAGAAACATTTGGGAA 
98  TTGCTTTCGAGTAAACGGGTAA 
99 
 
AAGAACTTAACCACCACACCATCAGGGCTGAGGGAGACCCA
A 
100  CGAACGTGGCCTAAAGGGAG 
101  AATGCGCCGCTTCAAAGGGCGAAAAACCGTCTCGCCGCGCTT 
102  CACTACGCTGCGCGGGCATGATACATTCAACCGATGATGGCC 
103 
 
ACCCAAATCAAGCTGGCAAGTGTAGCGGTCACGTGAACCATC 
 
 
170 
104 
 
GGCGCTAGGGCGTTTTTTGGGGTCGAGGTGCCGAAAGGAGCG 
105 
 
AGCAGCCAAGGGAAGAAAGCGTAAAGCACTGAACACGAAAA
T 
106  AGTTACAAAATAAGCCCAAT 
107  GAATACACTAAGATGGTTTAAT 
108 
 
GGAACCGAGAAAGGTTTACAGAACGGGAGAATTAACTAAAT
C 
109  CGCATTAGGAGAATAACATAAAAAAGGACAGA 
110  TGAACGGTTGACCAACTTTGAAAGCAGGGAAG 
111  GTACAGACCAGGAACCGAAC 
112 
 
TAGGCTGATATGCGTTATACAGTAGGGCATCATAAGGGCGCA 
113  ACAACGCCAACTAATTACTAGAAAAAGCCTGTGCCATATTTA 
114  GGACATTCTGGAATATTACCGCCAGCCATTGCGTAATAAAAG 
115  CGCTCAACAAATTCTTACCAGTATTCTGAAAT 
116  GGATTATTTTTTGACGCTCAATCGAAAGCCAA 
117  TACATTGGCAAATACCTACA 
118  CATGGAGATTCACCTGGCAACAGTTTATTTTGTCAAAACGCT 
 
 
171 
119 
 
ATAAAGGAGTCACACGACCAAACAGGAACAATCAATACATA
C 
120  AGAATCTTAGTATCGCTGACCTGCGCAGACGGTCATTAATTG 
121  GCCGGAACGAGTCATCAAGAGTAATCTTGACAATGTTACTTA 
122  CGACCTGCTCCAGAACCGGATATTCATTACCCTCGAAATCCG 
123  ACGTAACAATGGAAACAGTACTTTTTAAAAATTGTGAAATCA 
124  TAACTATATGTTTAACAATTTCATTTGAATTATTGGGTTATA 
125  TATATGTGAGTATCATAGGTCTGAGAGACTACCATAAATCAA 
126  AATTTATCAAAGAATAACCTTGCTTCTGTAAAGTCAATAGTG 
127 
 
AGAAGATCGTCGCTCATCGGAAGCATAACCGATATGACGCTG 
128  AAGACAGATTAATTAATTTTTAGATTAAATTCGGTCCAGCGA 
129  CTTAGGCCTTTTTTAAAGCTGCATCATCGCCTGATCCTCCGG 
130  CGGAGATTTGTTCATTCAGTGAATAAGGCTTGCAAAGTACAA 
131 
 
CAAGCGCGAAACCCTGACGAGAAACACCAGAAGCGATTATA
C 
132  GTAAATTTGCTGTAGCTCAATTGCGTAGGACCCCCACGAGTA 
133  AATATACAGTAATGGCTTAGAGCTTAATTGCTACGTCAGATG 
134  GAACGAGTAGTTGTTTGGATTATACTTCTGACCCAATTCTGC 
135 
 
TATGCAACTACGTAAAACAGAAATAAAGAAACATGTTTTAAA 
 
 
172 
136  AATTATTTGCAAAGTACGGTGTCTGGAAGTTTACCATATCAA 
137  GAACCTCATTCCATGTTTCCATGTGAATTTCTTAAAGGGTTA 
138  TGAGGAAATAACAGTTGATTATAATGGAACAGCTTGTTTTCA 
139  GGTTTAGAATATAAGGGCTTGAAACACTCATCTTTATTTTCA 
140  GTCAGAGGGTATTTTTGTTTAACGTCAAAAATCCTGAACAAA 
141 
 
AATATCAGAGACCAATCCAAATAAGAAACGATATTGAGCGCT 
142  GTGAAAAAAGCCTGTATTTATCGATAACCCACAAGTTCCTGT 
143  ATTAATGAATCACGACGGCCAGTGCCAAGCTTTGCCAGCTGC 
144  CATAAAGTGTTTGTTATCCG 
145  GCCATATGGGTGCCTAATGAATAGCTGTAATTGAGTTAAACA 
146  TCACATTAATTCTCGAATTCGTAATCATGGTCGTGAGCTAAC 
147  CGGGTACCGAGGCGTTGCGCTCACTGCCCGCTAGAGGATCCC 
148  GACTCTTTCCAGTCCCGAACAAATCACCGTCACCGGCAGGTC 
149 
 
CAGATAGGGGAAACCTGTCGGCATGCCTACTTGAGCAGTAAG 
150 
 
ACAAAAGGGCGTAAGACTCCTTATTACGCAGTAGCGCCAAAG 
151  TATGGTTTACCATGTTAGCAAACGTAGAAAATAGAAAATTCA 
152  CGGAATAATATAAAAGAAACGCAACGCTTTTG 
153  CGGGATCGGCAGGGAGTTAAAGGCAGACACCA 
154  TCACCCTCAGGCTGAGGCTT 
 
 
173 
155 
 
CCATCGCCCACCGAGGGTAGCAACGGCTACAGATGACAACA
A 
156 
 
TTGCGCCGACAAGGCTTTGAGGACTAAAGACTATACCGATAG 
157 
 
TATTGACGGAAGAAACGCAATAATAACGGAATGGAAGGTAA
A 
158 
 
AAAGGTGAATTAGTTACCAGAAGGAAACCGAGATTATTCATT 
 
 
 
 
 
 
 
174 
Figure S40. Design details of the three-layered structures. The gray strand is the scaffold.  
 
No. Sequences 
1  ACCTCCCGACCGCGAGGCGT 
2  ATTCTAAGAATTGATTTGCCAGTTACAAAATAAATATCCGGT 
3  TTATTTATCCATCATTCCAAGAACGGGTATTAAACAGCCATA 
4  GAACAAGCAAAAGTACCGCA 
5  CAGAGCCTACGTTGTCAGATATAGAAGGCTCCGCCGTCTTTC 
6  ATCAAGATTAGGGAGGTTTTGA 
7  AATCATTACCTTTTATTTTC 
8  TAACGAGCGTGCGCCCAATAGCAAGCAAACTCTTACCAACGC 
9  GGAAACCGCAATTTTATCCTGAATATTTTGCA 
10  CCCAGCTAAGGAAACGCAATAATATACCAGAA 
11  AGAAACGATTAATAATCGGCTGTCTTTCCTTCAATCCAAATA 
12  GAAACCAATCTTTTAATAAGAGAATATAAAGCGAAGCATGTA 
13  TGTCCAGATACCGACAAAAGGTAAGGAATCAT 
14  AATTACTAAATAAGAATAAACACCAGTAATTC 
15  AGCTAATGCAACAATAAACA 
16  TCGAGCCAGTGCAGCCCATCCTAATTTACGCGGAAGGCATTT 
17  AGCCTTTATTTAACGTCAAAAATGAAGCCCTT 
18  TTTAAGAAAATAGCTATCTTACCGAAAATAGC 
19  AGATAAGTCCCGCCTGTTTA 
20  TAGGCAGACGTGAACAAGAAAAATAATATAGAACATGTAATT 
 
 
175 
21  AAAACAGGGAATCGCCATATTTAACAACGCCAGAATAACATA 
22  AGTTACAATTCGCCTGATTGCTTTGATAATAC 
23  ATTTGAGGATTAGAGCCGTCAATAGAATACCA 
24  CCTGAGCAAAGACGCTGAGAAGAGAGCGATAG 
25  CTTAGATTAAAGAAGATGATGAAATTCAATTA 
26  GTTATACAAATTTTCCCTTAGAATCCTTGAAGTATCATATGC 
27  GAAAAAGCCTTAAGGCGTTA 
28  ATTTTAGTTAGAAAACTTTT 
29  AGACAAAGAAGATGCAAATC 
30  ACCTTGCTGATGAAAAATCT 
31  AGAGCCAGCATGCAACAGTG 
32  TTTGATTAAATTAACCGTTGTAGCGCGGTCAG 
33  TATTAACAATAAAACAGAGGTGAGAATACTTC 
34  CTTTACAAACATTAGTCTTTAATGCGCGAACGAAGTATTAGA 
35  AAATACCGAAGATTCAATCAATATCTGGTCCCGCACCATTAA 
36  AAACATCGAAACCTCAAATATCAAACCCTTATGATAGCCCTA 
37  AATCAACAGTAATACGAACCACCAGCAGAAGCCGAGTTGGCA 
38  ACTAACAACTTGAAAGGAAT 
39  TTAGGAGCTGAGGAAGGTTATCTAATATAACT 
40  ATATGTAACGGCTTAGGTTGGGTTAAATATCT 
41  GTGTGATAAAGTTGACTACCTTTTTAACCTCATGTACCGACC 
42  GGTCTGAGATAAACATTTAATGGTTTGAAACTCGCAATCATA 
43  TTTATCAAGAATTTCATCTTCTGACCTAAATTCAATAGTGAA 
 
 
176 
44  GTAATAACATCCATCACGCA 
45  AAGAGTCTGTCACGGCGCGTACTATGGTTGCTAGCCGAGTAA 
46  TTCCTCGTTTTGACGAGCACGTATGGAGCCCC 
47  CGATTTAGAATCGGAACCCTAAAGAACGTGCT 
48  AGGAGGCCGATCAGAGCGGG 
49  CCGCTACAGTTGCTATAATCAGTGAGGCCAAATTATAATGCG 
50  TCGGCCTTGCCTGAGTAGAAGAACTCTGACCT 
51  GAAAGCGTACAGAGATAGAACCCTTCAAACTA 
52  GGTACGCCAGGGGATTTTAG 
53  GCCGCGCTAAAATCCTGAGAAGTGTTTTTGGCCACCACACCC 
54  ACAATATTACTAGCGGTCACGCTGCGCGTAATAATATCCAGA 
55  AGCTTGACGGTAAAGCACTA 
56  CGAGGTGCCGGGATCAAAAGAATAGCCCGAGAAGTTTGGGGT 
57  CAGTTTGGAACATAGGGTTGAG 
58  GGACTCCAACTCCACTATTA 
59  CCTTATAAAAACGCCACCCAAATCAAGTTTAGGTCCAAAATC 
60  TGGCGAGAAAAGAGTTGCAGCAAGCGGTCCAGCCGGCGAACG 
61  TCAGGGCGATAGGGCGAAAA 
62  GAAATCGGAAGGCCCACTACGTGAACCATTGATGGTGGTTCC 
63  AATCCTGTTTGGTTTGCCCCAG 
64  ACCGGAACCACTACCATATCAAAATTATTTGTAATCAAAATC 
65  ACAAACAAGTCAGACGATTGGCCTTTAGCGTT 
66  TGCCATCTGGTCATAGCCCCCTTATGATATTC 
 
 
177 
67  GTTCCAGTGAAAGCGCAGTCTCTGTTAGCAAG 
68  GCCGGAAAAGTAGCACCATTACCAAATTTACC 
69  TAAGAGGCTATTATTCTGAAACATATTAGAGC 
70  CAGCAAAACTTGAGCCATTTGGGAGAAAGTAT 
71  GGGTTTTGAAATTCATATGGTTTATGTCACAA 
72  TCAATAGACTCAGTACCAGGCGGAGATTAGCG 
73  CGGAATAAGTTAAGAAACGCAA 
74  GGTGGCAACAAGAAAATACA 
75  ACGGAATACCCGAACAAAGT 
76  AAGTAAGCAGATGAAATAGC 
77  CTTAATTGAGAAGCGCATTAGACGGGAGAATTAACAGTAGGG 
78  CTATTAATTAATTCTTACCAGTATAAAGCCAATAAATCGTCG 
79  CAAACATCAAAATTATTCAT 
80  AATCGCGCAGCAATAACGGA 
81  TTTGAATGGCTAATTCGACAACTCGTATTAAAAGACAATATT 
82  AAGAATACGTATTCTGGCCA 
83  GCTGGCAAGTGCGCCAGCCATTGCAACAGGAAGCGCTAGGGC 
84  CTGGCCCTGAGGGAAGGGAAGAAAGCGAAAGGCCTTCACCGC 
85  GCATTAATGAAGAAACCTGTCG 
86  GAAACCAGTTTCCGGCACCGCTTCCACTGCCC 
87  GCTTTCCATTAATTGCGTTGCGCTTGGTGCCG 
88  CGGTGCGGTGCGCAACTGTTGGGACATGGTCA 
89  TAGCTGTTAGCTCGAATTCGTAATAGGGCGAT 
 
 
178 
90  CATCAATATACGACTCTAGAGGATCCCCGGGTGATGGCAATT 
91  GAAATAAACGGAAAACAAAATTAATTACACACACGTAAAACA 
92  CGTAGATTTTCTTTTTTAACAATTTCATTTAAAGGGAAATTG 
93  TTTTTTAATGTTTTCAGGTTTAACGTCAGATAGAGAATTACC 
94  ACATCGGGGAATATACAGTAACAGCGGAATTA 
95  TCATCATAAAACCACCAGAAGGAGTACCTTTT 
96  TTCCTGATTACGGAACAAAG 
97  TATCATTTTGTCAACAACATACGAGCCGGAAGGGAGTAACAT 
98  CAATTCCACGATACTAATTTTAAAAGTTTGACGGCCCGCTCA 
99  ATTGTTATACTCCTTTGCCCGAACGTTATCGTCCTGTGTGAA 
100  AAAGCCTGGGGTCACACGACCAGTAATAAAAGCATAAAGTGT 
101  GTGAGCTAACTTTACATTGGCAGATTCACCAGTGCCTAATGA 
102  AAATGGATTATCAGGGCGCCAGGGTGGTTTTATTATCGTCTG 
103  TTGCGTATTCAGTCTACATTTTGACGCTCAGCAGCAGGCGGT 
104  GCGGGGAGGGAAACGCTCATGGAAATACCGGTCGGCCAACGC 
105  GGCAACAGCTGTCTTTTCACCA 
106  TTCATCGGCAGAAACAGTACATAAATCAATATGTAGCGCGTT 
107  AGCGTCAGACTATGTGAGTGAATAACCTTGCAGTTTGCCTTT 
108  TATCAGAGAGACCTCAGTAGCGACAGAATCATTCAGCGCTAA 
109  GCACCGTAAGATCAAGTCAGAGGGTAATTGTGCGCGATAGCA 
110  AAACCATCTCAACTGAACACCCTGAACAACCCGTCACCAATG 
111  TATCACCGTCATAACCCACAAGAATTGAGTTTAAAGGTGAAT 
112  AATTATTCATAAGCCCAATAATAAGAGCAAGATATTGACGGA 
 
 
179 
113  TAGCAAACGTTATTTGAGGGAGGGAAGGTAAAAACAGTATGT 
114  TTCAACCGAAATATAAGACTCCTTATTACGCAATAGGCGACA 
115  GACAAAAGGCCAAAAGAACTGGCATGATTTTCCAGCGCCAAA 
116  AGGGTTAGAACGAGCCACCACCGGAACCGCCTGAATAATGGA 
117  TGCCTGCAGGTATCCTGATTGTTTGGATTATACAAGCTTGCA 
118  GCCTCTTCGCCCATTCAGGC 
119  GCAAAGCGCCTCCAGCCAGC 
120  GTAATGGGATAAACAAACGGCG 
121  GCTACAGAATGTGAGCGAGTAACAACCCGTCG 
122  GATTCTCCAGCATCGGAACGAGGGTAGCAACG 
123  TAAAATACATGAGGAAGTTTCCATTTGCGCCG 
124  ACAATGACAGCTTGATACCGATAGTAAACGGG 
125  AATCCGCGTCATCGCCTGATAAATTTCGAGGT 
126  GAATTTCTGGTTTATCAGCTTGCTTGTGTCGA 
127  AGGGAACCACGAGGCGCAGACGGTCAACAGTT 
128  TCAGCGGATTTGCTAAACAACTTTCAATCATA 
129  AGGCTTGCACAAAGCTGCTCATTCAATGAATT 
130  TTCTGTATTTTCCAGACGTTAGTAAGTGAATA 
131  GGGCTTGACCAATAGGAACCCATGTTCAGGGA 
132  TAGCAAGCGATGGTTTAATTTCAAAGTAAATT 
133  AGCCACCACCCTCAGAACCGCC 
134  TCAGAACCGCGGTTTAGTAC 
135  TAAGTGCCGTGAAGGATTAG 
 
 
180 
136  TGAGACTCCTTTTCGGAACC 
137  AAGCGTCATAAGCCAGAATG 
138  ATAAATCCTCGTTGAGGCAG 
139  AAAAAAAAGGAGAGCCGCCGCCAGCATTGACTGAAAATCTCC 
140  ACGGGGTCAGTCGATAATAATTTTTTCACGTAGGAAGTTTTA 
141  GAATTGCGATCGGGGGAGTGTACTGGTAATAGATTACTAAAG 
142  AAGGAACAAACATGGCTTTTGATGATACAATGTGAGAATAGA 
143  TAAAGTTTTGTGCCTTGAGTAACAGTGCCCGGCGTAACGATC 
144  CTCATAGTTATATAAACAGTTAATGCCCCCTCACAGACAGCC 
145  GTACTCAGGACACACAACGCCTGTAGCATTCGCCGTATCACC 
146  GTACAAACTCCTCAATAGCCCGGAATAGGTTACAAGTCACCA 
147  TGAGTTTCGACGAGAGGGTTGATATAAGTTTTACCGTAACAC 
148  GCCTTTAATTGCCGCCACCAGAACCACCACCCTCCAAAAGGA 
149  CACCCTCAGAGTATCGCTGAGGCTTGCAGGGAGTAGAGCCAC 
150  TATATTCGGTCTAACAGAACCGCCACCCTCGCCTTTAACCGA 
151  CCCACGCACTCCCTCAGAGCCGCCACCCTACAACAACCATCG 
152  GCTTTTGCGGCGACGTTGTAAAACGACGGCCAGTTAAAGGCC 
153  TCAGCAGCGAACGCCAGGGTTTTCCCAGTCAGATCGTCACCC 
154  AAGTTGGGTAAAGGCATCTGCCAGTTTGAGGCGCAGGCGATT 
155  CGTAACCGTACGTGAGGGGGATGTGCTGCAACATTGGCGCAT 
156  TGTAGATGCGTATTACGCCAGCTGGCGAAGGGGTCACGTTGG 
157  CTCAGGAAGATGGACGACGACA 
158  AAAATTCGCATTAAACGTTAAT 
 
 
181 
159  CTAGCTGACCATCAATATGATATTTATAAGCA 
160  AATATTTAAAAAACAGGAAGATTGCAACCGTT 
161  TAGACTGGATATCTACAAAGGCTATCAGGTCAGTAAAATGTT 
162  GAGGAAGCAGCGGATTGCATCAAAAGTTTTGC 
163  CAGAGGGGAGGCTTTTGCAAAAGAAAGATTAA 
164  GACCGGAATAATTCGAGCTTCAAAAATACCAC 
165  ATTCAACTTCAGTTGAGATTTAGGGCGAACCA 
166  CAGGTAGAAAGTAACGGAACAA 
167  GTTAATAAAATTGGGAAGAA 
168  CTTTAATCATCAGAACGAGT 
169  CCTGACGAGAAATCAACGTA 
170  GAACTGACCACTTAGCCGGA 
171  ACCTGCTCCAGAGATTTGTA 
172  GTAATGCCACAGACTTTTTC 
173  GGCTTTGAGGTCAACATTAA 
174  CTGTAGCCAGCTAATTCGCGTC 
175  TAAAACACTCGCCTAGGAACGCCATCAAAAATTTGAATACAC 
176  TTTAACCAACCAATAACGAAAGAGGCAAAACAACTCTCATTT 
177  TAAATCAGAATACGAAGGCACCAACCTAATGTAAATTTTTGT 
178  AATCAGAAAAATCTTTGACCCCCAGCGATTACCCCGGTTGAT 
179  ATCATATGTATACCAAGCGCGAAACAAAGTACTAGCATGTCA 
180  AGGCTGGCTGGCGTGAACGGTAATCGTAAAACAAAGGCGCAT 
181  GAGAATCGAAGGTAGAACGGTGTACAGACCCGTGTCAAACAA 
 
 
182 
182  GTCTGGAGTAACTTTGAAAGAGGACAGATATATTGCCTGAGA 
183  AACCAAAATAACCTTCATCAAGAGTAATCTTACGACGATAAA 
184  CGTTTACCAGGACAAGAACCGGATATTCATTATCATAACCCT 
185  AGTCAGGACGCGACATAGTAAGAGCAACACTACCATTATACC 
186  ATTACGAGGACATTTTTTAAGAACTGGCTCCAAACAAAAGGA 
187  ATAACGCCACTGTGAATTACCTTATGCGACAAATGCAGATAC 
188  GAGAAAGGCCGGGTAAAGATTC 
189  AACGCAAGGATAATAGTAGTAG 
190  TGGCATCAATTGGGGCGCGAGC 
191  GTTTCATTCCATAAAGTACGGT 
192  GTTTTAAATATTAATGCTGTAG 
193  CTTAATTGCTTTTGCGGATG 
194  GCAAACTCCATATCGCGTTT 
195  CCGAAAGACTTCAGAAGCAA 
196  ATTTTTGAGAGAGCGTCCAATACTGCGGAATCGAGGGTAGCT 
197  TAAATTAATGAGTCAAATCA 
198  TCAGAAAACGCATATGCCTGAGTAATGTGTAGAGTAAACAGT 
199  TTAAATGCATTCTATCCCCCTCAAATGCTTACCCGATATATT 
200  GAACCCTCGAGTCATAAATATTCATTGAACTAAAAATTTTTA 
201  GCTATATTTTAGAATGACCATAAATCAAAAATAACCTGTTTA 
202  AAATGGTCAATCAGGTCTTTACCCTGACTATATACATTTCGC 
203  AGAGGTCATTGAAATTTAGTTTGACCATTAGTATTTTTGATA 
204  AACGAGTAGTAGCATACCTTTAATTGCTCCAGTCATTCTGCG 
 
 
183 
205  ATTCCCAAAAACAGGTCAGGATTAGAGAGACTATAACAGTTG 
 
 
 
 
Figure S41. Design details of the 9-layered 3 × 3 lattice structures. The gray strand is the 
scaffold.  
 
No. Sequences 
1  CTTGAGATGGTGCGTAACGATCTAAAGTTTTGGTAAATTGGG 
2  GACCTTCATCACCAGGCGCATA 
3  TCGTCTTTAACGGTGCTACAGGGAAGTTTAGTTGCACGAGTA 
4  CTTTTTCATGAAGGCTTTGAGG 
5  CCATCGCCCACAATAAATCCTCATTAAAGCCAATGACAACAA 
 
 
184 
6  AGAGTAATCCCAGAGCCGACAGAATGGAAGCAACGGTACAGA 
7  AACGTAACAAAGATATTCATTA 
8  CTGTAGCATTCCCAGTACAAACTACACCTGACGCTTGCACGC 
9  AGGCCGCTTTTGCGAGAACCGGCTGCTCATTCAGTGTCTCTG 
10  TCCAGTAAGCGCTGAGGCTTGCAGGGAGTTAAAATTTACCGT 
11  CAGCATCGGAACACCCTCAGCA 
12  CGAGGGTAAGCGCAGAATAAGGAGAAACATTGACAGGATCGT 
13  TTAATTGTATCGCCACCAGAACCACCACCAGAAAAGGAGCCT 
14  ATCTTTGACCCAGAATACACTA 
15  CGAAGGCACCAAAAATACGTAA 
16  AGGTCAGACGAGTGAATTTCTTAAACAGCTTGAGGTTGAGGC 
17  CGAGGCGCAGGCTCGGCTCCAGCCGCCGCCGAAAGCGAAATC 
18  GTTGGGAAGAAAGTTTCAGCGGAGTGAGAATACAGTCAGGAC 
19  TCTGTATGGGAGTGAATTACCTTATGCGATTTAAATGAATTT 
20  ACTTTGAAAGAAAGGGAACCGA 
21  CTTAGCCGGAACGCGACCTGCT 
22  ACCTAAAACAGCATCGTTAGTTAAGAACTGACGGTAACGGGT 
23  ATACCGATCCATTACAATCATGGACAGATGCCAGATGACAGG 
24  GAAAGGAATTGTGTAGGCAAACCAGCGATTAAAAAATTATAC 
25  TAATTCACCCTAACCGCTTTTCACGTTGAAAATTGCGAATAA 
26  TTGTATCATCGAACAAAGTACA 
27  TCTCCAAAATACCAAGCGCGACCTGATAAACAACTAAAGGAA 
28  ACTATCGGCCTGAATGACCATAAATCAAAAATAAGAACTCAA 
 
 
185 
29  TGCAAAAGAAGCAAAATAGCGA 
30  CAGGTCTTCGACGAATAGTTATTAATTTCCGCCACTGAGTAG 
31  TCAGAGCCACCGGCTATTAGTCTTTAATGCGCACCGCCACCC 
32  TTTTGCCAGTTGCCCCTCAGAGAACTGATGCCCTCTAAAAAC 
33  GCGTCCAATACAAAATGTTTAG 
34  CCCTCAAATGCAATACTTCTTTGATTAGTAATCATTGAATCC 
35  CCGTAACACTGAGTTAATAGTTGCGGAATCGTCATAAAACAT 
36  AATACCGAACGAGCCCAATAGGAACCCATGTACGCCATTAAA 
37  CACAGACAAGCCCTAAATATTAACATCACAGGGGGTTCGTCA 
38  AGTATAGCCCGATAAAAGGGACATTCTGGCCAGGTTGATATA 
39  TAAGAATACGTAGGAGGTTTAGTACCGCCACCCCTGAAAGCG 
40  ACGCCAAAAACGCTTCGAGAGACAGAGATAACAACATTTAGG 
41  ATATCGCGTTTGAAGCCCGAAAGACTACATTTATACCTTCAA 
42  AGCAAAGCGGATATTACCGCCAGCCATTGCAATATAGTCAGA 
43  CATAACCCTCGATAGTAAGAGC 
44  GCAGATACATAAATACCACATT 
45  TTTTGCTAAGAACCTGACTATCAGGAAAAGGAATTAATCATT 
46  CTCAGAACAACTTTACGAGGCTTTACCAGATACCCCTTCTGA 
47  TGACGCTCGTTGAGTTTCAACAAATCTACGTGCCGCATGGAA 
48  ACATTGGCAGAGGGGTTTTGCTCAGTACCAGGTGGATTATTT 
49  ACAGGTAGAAACTAACGGAACA 
50  CGGATAAGTTAATAAAACGAAGATTCATCAAATCGTCTGAAA 
51  ACAGGCAAGGATAGTAGTAG 
 
 
186 
52  ACAGTTGATTCGGAAGTTTCAT 
53  CAAAGAATAAGTACAAAACGATGCTGGTAGACAGGTCTACTA 
54  CTGAGAAGTGTGCTGATAAATTAATGCCGGAGCGCCAGAATC 
55  CCAATTCTGTCAATAACGGTAAGGGTAGCGTTCAGGGTGTCT 
56  CATTTCGCAAATTAGTTTGACC 
57  CGAGCTGAAAATATTTTCAT 
58  ACGCAAATTAACCGAGTAGATTGGTCAATAACCTGTGAGAGA 
59  TCTGTCCATCTCTACAAAGGCTATCAGGTCAGAGTAAAAGAG 
60  TTTAAACATATTTTTTTAGCTAGGTGGCACGAACGTTGTAGC 
61  ACGTGCTTTCCTGAGTAATGTGTAGGTAAAGAAGCACGTATA 
62  AAATCACCATCTAAACAGGAGGCCGATTAAAGGGAGACAGTC 
63  GGCTTAGAGTACCATTTGACGTTCAAAAGAAAAGATAATTGC 
64  TTGCGGGAGATATGACCCTG 
65  ATAAAGCTAAGCAATAAAGC 
66  ATGTTTTAAATTATAATGCTGT 
67  TTTTTGCGGATTCCTTTTGATA 
68  TTGCATCAGGTGAGAAATTAAATCGGTTGCTTAATAGAACAA 
69  GGATTTTAATATCCTGCTGAAATGCAACTATAGCAAAAGGCC 
70  AGCCTTTATACCTTTTAAGAGTAATTCGAGGTTGCAAAACAT 
71  TTTAGAACCCTTAATGCGCCGCTACAGGGCGCGATAAAAATT 
72  AACAGGTCAGGCAGACCGGAAG 
73  GTACTATGCTTCAAAGCGAACATTAGAGAGTTTCAACGCAAG 
74  ACCACCAGAAGATATGCGTTATACAAATTCTTGAACAAAGAA 
 
 
187 
75  ATCATAATTACCGTTATTAATTTTAAAAGTTTAAACACCGGA 
76  ATTCGACAACTTGAAATACCGACCGTGTGATATTTACAAACA 
77  TTAATTTCATCCCGTCAATAGATAATACATTTTATATTTTAG 
78  TCTTTAGGAGCATCCAATCGCAAGACAAAGAAATCTAAAATA 
79  AATAAGGCAAACAGCGTACTCGGCACAGACTCTAAATTAGAC 
80  ATGAAAAAAATATTCATGTAAGCCCGTATGTTAAACCCGATT 
81  ACCCAAATCAGGGACGACGACAGTATCGGCCCGTGAACCATC 
82  CGAAAAACCGTGTGTAGATGGGCGCATCGTAACGTCAAAGGG 
83  GGCGGATTGACAGTTTGGAACAAGAGTCCACTGGGAACAAAC 
84  AGAATAGCCCGAACATTAAATGTGAGCGAGTAATAAATCAAA 
85  ATGGTGGTTCCAAAAATAATTCGCGTCTGGCAATCCTGTTTG 
86  AGCTCATTTTTTAAATTTTT 
87  GTAAACGTTATAAGCAAATA 
88  CAGAAAAGCCTGTACCCCGG 
89  GGTAATCGTAACAAGAGAAT 
90  CGGGGAAAGCCCACGCTGAGAGCCAGCAGCAATAGAGCTTGA 
91  CCAAAAACTTCAACACAGTGCGGCGAACGACGTGGAATCATA 
92  ATTAAAGATGGCGACGGGAGCAATATGATAAGGAATCTCCGT 
93  AAACCCTCTCGGATGATTGTAATATTTTGTCAGAGGAAAGGA 
94  CCTCAAATATCAGGGAAGAAAGCGAAAGGAGCCCTTGCTGAA 
95  TAATTCTGAGAAGTAGCATCAGGGCGCTATATCACTTAATGC 
96  CGGAACCGCCTCCGGAACCAGA 
97  TAGCGTTTGCCTCGGTCATAGC 
 
 
188 
98  CGTCAGACTGTGAATCAAGTTT 
99  CATCGATAGCAGAAACGTCACC 
100  CGCCCAATAGCCCAGCAAAATCACCAGTAGCAATCATTACCG 
101  CCGTCACCGACCTCATCGAGAACAAGCAAGCCTGAATTATCA 
102  ATTCCAAGAACAGGGAGGGAAGGTAAATATTGTTTCCTTATC 
103  GCCAAAGACAACTAATTTACGAGCATGTAGAAGTTTACCAGC 
104  ATAAGTCCTGAGAATAAGTTTATTTTGTCACATCAACAATAG 
105  GAATAGGTGGGGCGTTTCAAAGAGGATTTTCCAGAACCAGTA 
106  GAAAGGAACACACGCGACGACCAAGAGAAGAACTTCTGGCAA 
107  CTGAGACTCCTAATAAACAACATGTTCAGCTATATTAAGAGG 
108  ATGCAGAACACCCTAAAATCACCCTCAGAGAAAATATGAAAG 
109  ATCAATAGCCGCCACCCTCAGCAGAGCCACCGCGCCTGTTTA 
110  GGTTTATCAGAAACTCATATGACCAATCAATAATCCAGAGCC 
111  ATCTTTTCATAATCGAATATAATTATTCTGCTTGCGGCATTT 
112  ACGGAAATTTCATCTTTCGAGTTGGCCTTGTAAGAGGCTGTC 
113  GCCAGTAAATATTCAGCGACAAGCGCGTTTATTCATAACGGG 
114  GCATAACCGAGTTTTTAAAGGGTTTTTATATCAGTACAAACA 
115  GCACCGTATTTCATTGATGATTGGTAATAATATATAAGGCCG 
116  CCATTACCATTAGCTCGGTCGTCATACATGGCTTTCGTAGGA 
117  GAATCGCCATAAACAGTAGGGCTTAAGTGTACACAGGATTGA 
118  TTTAACAATTATCAGATAAAACCTAAAGGTTCAGGAACGCTC 
119  ACCCTCATTGAGCCTAAGAATGAGTAACACGCCAATTTGAAT 
120  TGAGTAACAGTTTTAGGCAGAGGCATTTTCGAGTCAGTGCCT 
 
 
189 
121  AAAAGGTAAAGCCCCTGCCTATTTCGGAACCTAAGTACCGAC 
122  CACGCTGCGCGTCAGTTGGCAAATCAACAGTTGTGTAGCGGT 
123  TTAACCAATAAATGTATCTGGTAACCACCAGCAAAATTCGCA 
124  CGAAATCGCACCCGCCGCGCTCATATATTTTAGGAACGCCAT 
125  TCGTTAGAATTAAAATCCCTTACAACCCGAATCAACAATGCC 
126  TTTTATAATATGTCACTCCAACCGTGCATCCTGCACGTTCTA 
127  TAACACCGCTGCCAGGAGCAAAAACTAGCCAGTGAGAGGTGC 
128  AGTTTTTTGGGGTCGGCCACCTTGCCTGAGAGTCTGTTTGAG 
129  GCGGTCAGTATCGTAAAGCACTAAATCGGAACCAGAGGTGAG 
130  ACCAGTATAAAGCCGATAGCAAACCACCAGCAGAATTTTGCG 
131  CGCGAGAAGATTAGGATTAGCTTCACCAGTTTGAGGAAGGTT 
132  TGAGTGAATATACATAAATC 
133  TCATTTGAATTAATTACATT 
134  GATGATGAAAATTACCTGAG 
135  AAAATCGCGCCTTTGAATAC 
136  GGGAGAAACAAACAGTACCT 
137  CAAACATCTCAATAAATGGTTCGTATTAAAGGGTTCATTTCA 
138  TAATGGAATCCTTTCGAACCTGAGAAGAGAAGAAAGCGGTTT 
139  CGCTTTCCAGTGCGTTGCGC 
140  GTGCCTAATGTAAAGTGTAA 
141  ACAATTCCACTGAAATTGTT 
142  TTCGTAATCACCGGGTACCG 
143  GCATGCCTGCACGGCCAGTG 
 
 
190 
144  GGGTTTTCCCTTAAGTTGGG 
145  CTGGCGAAAGTCTTCGCTAT 
146  AACTGTTGGGTCGCCATTCA 
147  TCTGGTGCCGCAGCTTTCCG 
148  CGCCAGGGTGGTGTTTGGATTATACTTCTGAAGCGTATTGGG 
149  AAGGGCGAATAGGTTCCTGATTTTTTCTTCGAGCCGCGCCAT 
150  ACAACATATTCACCTTGTTCCCGTAATGGGTCGGTTCCTGTG 
151  CGTAAAACGCTGTTGCGGGCCGGGGATGTTGAGTGAGTGAGA 
152  AATTATTTGCACGGGCAACAGCTGATTGCCCTACCATATCAA 
153  CAATTTTAATTATTAGAACCTTCACCGCCAAATTTGTGAATT 
154  GGCAACATATAAAAATACATAC 
155  CTCCTTATTACAGAACTGGCAT 
156  CGAGGAAACGCAAAGTTACCAG 
157  CCTTTTTAAGAATAGCTATCTT 
158  AATAATAAGAAAGAATTGAG 
159  ATTGAGCGCTGAACAAAGTC 
160  GCATTAGACGACATAAAAAC 
161  AATGAAAATATTTTTGTTTA 
162  TTATTTATCCACAAAATAAA 
163  TTCTGACCTTGGCCCTGATTGAGAGGCGATCCTGAATTAGAG 
164  ACGTCAGATAATAGATCTTACCTATATGTATTCGCCTGAGAG 
165  GGGTTATATAACAACGCTAACGAGCGTCTTTCGGCTTAGGTT 
166  CAGAGCCTATAATAAACGTAGAAAGAAACGATAAGAACCTCC 
 
 
191 
167  CAATCCAACAAAGACACCACGACAAGAAAAAATTTGCCAGTT 
168  AAGGGCGACTTTTTAAACGATGCAGCCTTTTAGCATCCCATC 
169  GCAGTATGTACAGAAGATTAGAGACTACCATTCAAACCCAAA 
170  GGAGAATTCGGAATCCGATTGGGGTATTAAAATCAGAGAATA 
171  AAGCCTTAACCAAGGCCGAACAATAATAAAACTGAACATAGC 
172  TTGAGCCATTGAAAACACCCTAATATCAGCAGATATACCGCA 
173  AAAGTAAGAGAGATTAGAAGGAGAATCCTTTGGGAAATAGCA 
174  GCAAGAAACAATGAATTAGAGAAGCAAATCAGATAAACCCAC 
175  ATTCTAAGAACGCTATTAATTAATTTTCCCTTCTTATCCGGT 
176  GCGAGGCGTTAATGTCATATTCGCGCGGGCCTGTTAATCGTC 
177  TAGAAAAAGGAGAGACAAAATTACCTTTTTTTTAGGCCCGAA 
178  ATTAAGACGCTCCCGACTTGCGGGAGGTTTTGGATAGCTTAG 
179  GCACCCAGCTATATCAAAATCATAGGTCTGAGTTGCTATTTT 
180  AGCGGTCCACGTTGCGTAGATTTTCAGGTTTAAGTTGCAGCA 
181  AGTCACGAGCCAGCAAAGAAACTGGTTTGCTCTAGAAGGCGA 
182  AGGTCGACCCCAGCAGGCGAACTTCCTGTACGTTGTAAAACG 
183  AGATAGGGTGCTGCAGGATCCTGGTCATAAGAAATTTTCATC 
184  CTATCAGGGGCAAAGGAAGCAAGTGAGCTATATAACACGTTG 
185  ATTCATCAAACTCACTCCAGCGAAACCAGCGATGGGTGCCAG 
186  TCGGGAAACCTGTCCCCACTATCAGGAAGATCGCACATTAAT 
187  AGATGATGGCACTGCATTAATGAATCGGCCAACCTGATTATC 
188  ACCTTGCTTCTGTATAGTATCGAGCGGAATTATCAGAAACAG 
189  ATAACGGAAATGCTGATGCAAACTAACAACTGAATATACAGT 
 
 
192 
 
 
Figure S42. Design details of the 15-layered 2 × 2 lattice structures. The gray strand is 
the scaffold.  
 
No. Sequences 
1  CTGAGAGACTAGATAGTTGCGCCGACAATGACAATCATAGGT 
3  TCATACGCATAGCTGAGGCGTGAATACGAGTAGAATTATCGC 
4  CAACGAGTCCACTAAATTTAATAGCTTAAGTTTTCCCAGTGG 
5  ACAAATATAAAGTGCTGCAAGGCGACCGAGATCCAGTTTGGA 
6  GCCCTCAGTGACGAGAAACACCAGATTATCAAAACAACCATC 
 
 
193 
7  CGTGGACTCCTAGTTAATTTCATCTTCTGACCTATTAAAGAA 
8  ATAACTATATGTCAGCTTGCTTTCGAGGTGAAGTTGGGTTAT 
9  ATTACGGTTTATAAATGCTGATGCAAGCAGAAGGCGGTCAGT 
10  GTATACACCGCCTGAGAGCACCACCAATCCAACTACGTGATT 
11  CGATGGCCCATCGCAAGACAAAGAACGCGAGGTCTATCAGGG 
12  TTGAGATGGTCGGAAATTATTCATTAAAGGTGTAAATTGGGC 
13  TATGCGATTTGGGCGACATTCAACCGATTGAGTGAATTACCT 
14  ATTTGACAAAATAAGAACTTTCAGGATAGTAGATCATACATC 
15  CAAAGGGGCGCCATCAATTCTACTACTGCGCATTACCAGCGC 
16  AGGGCGATCGGTCAATAGAAAATTCATATGGTACTGTTGGGA 
17 
 
AAAGGGGGATAGAAACGCAAAGACACCACGGGCCAGCTGGCG 
18  TTTAATCATTGGGAGGGAAGGTAAATATTGATTAATTTCAAC 
19  AAATATATTTAACGTCAAAGGGCGAAAAACCAAAACTTTTTC 
20  CTCCGGCTTAGTTTCTTAAACAGCTTGATACCCCTTTTTAAC 
21  TTCGCTATTACAATAAGTTTATTTTGTCACAATGCGGGCCTC 
22  TTTTCCAATAATAGCATTTTTT 
23  TTTTAAGGTGGGAGCTGATTTT 
24  TTTTGCCCTGAATAAGGCTTTT 
25  TTTTTCGGTCACCGATATTT 
26  TTTTTGCCACGCTGCAACTTTT 
27  TTTGAGGTGAGATAAAATTT 
28  TTTCAGGGTTGGGTAACTTT 
 
 
194 
29  TTTTTGTTGTTAGGGTTGTTTT 
30  CGAATAATAATTTAGATTAAGACGCTGAGAAGAAAGGAATTG 
31  CGGAGGAGTTAGATCGTCAGAAAGGACCGACTAGGTAGAAAC 
32  ATCGTTGAAATTTTAGAGCGGTTCCGTTGTAAAAGCTTGCGT 
33  TGGTGCCTCAGATAAAGGTCACGACGAAATCGATCAAAAGAA 
34  GCAGTATTCATACAAAGCTACCGTCAACAACTAGTCAATATT 
35  GATAAATAAGAACCCTAAAGGGAGCCCCCGAACCGACCGTGT 
36  CTCCAAAAGGATAATTAATTTTCCCTTAGAATAAAAAAAAGG 
37  GCAGTCGCTATGCCTTTAAACCATCCTAAAACCCGAACGACA 
38  ATCGCAAATGACCTTGCTGATAGCCACCCAAAAAGCCTGTAA 
39  TTACTAGAAATCAAGTTTTTTGGGGTCGAGGCGGAATCATAA 
40  GGAATTAGAGCTAACGGAACAACATTATTACTGAGCCATTTG 
41  AGCAAGGCCGAGTCAGGACGTTGGGAAGAAACCATTACCATT 
42  TCGCTTATACCGAAACGTCACGGAAGCAAAGACAATAAAGTT 
43  CTCAAAATGGTCTATATTTGGCAAGTACCCAAATTCGCCAGG 
44  ATGATTAAGACCCGGAAACCAGGCAAAGCGCCAAGAACTGGC 
45  AAATACATACGAAGATCGCACTCCAGCCAGCGCAAACGTAGA 
46  ACCAGTAGCAAATCTACGTTAATAAAACGAACCAGCAAAATC 
47  ACTAAATCGGGCGTTAAATAAGAATAAACACTGCCGTAAAGC 
48  TGAAAATCTCCCCTTGAAAACATAGCGATAGCTTTTTCACGT 
49  GCAGTATGTTATTTCCGGCACCGCTTCTGGTGTCCTTATTAC 
50  TTTTAATTAAGATTAGCATTTT 
51  TTTTTGTTTAGCAATAACTTTT 
 
 
195 
52  TTTTCAACGTATACCCAATTTT 
53  TTTTTTGCGGAAGGCCGTTT 
54  TTTTAGCATCAAAAATCTTTTT 
55  TTTAAAAATAATCGCCATTT 
56  TTTCAGTGCCAACGACGTTT 
57  TTTTCTTATAAGCAAAATTTTT 
58  ACCTTTTTTAACTTTCAACAGTTTCAGCGGAGCATTTGAATT 
59  CTGGGCAGCGAGAGGGTAGCATTTAATCAGTTGCGTTTTCGG 
60  ATCTGGGAAAGCATATTTATGGTTTGCAGGTCCGGGTACCCT 
61  GACGTACCGAACGACGACAATGCCTGCCCCAGTTGATGGTTT 
62  CTCACTGACCTTGACAAGAAGATTCACAATTTTGAGAATACC 
63  GGCGAGAAAGTAGGGCTTAATTGAGAATCGCCCGGCGAACGT 
64  TGAATAACCTTACGTTAGTAAATGAATTTTCTTATATGTGAG 
65  CCTCTTTCCAGGCTTCTGTTTAGTAGAATGGCGCGAACTGAA 
66  CGTCAAATATCTCTGGTCAATTTTTTCATATGAGTGTAGCGT 
67  GGCGCTGGCACGTTATACAAATTCTTACCAGGCGGGCGCTAG 
68  ATACCACATTCCTTTAGCGTCAGACTGTAGCGAGATTTAGGA 
69  TTACGAGGCATCGATAGCAGCACCGTAATCAGCCAAAAGGAA 
70  CGAAGAAACCATAGTAAGAGGATTGAGCATAAACCAAAAATG 
71  CAATCGAGTAGTAGATACACCTCAGACCGTAACAATAATAAC 
72  CACGTTGGTGTCAGAAGGAAACCGAGGAAACGTGGGATAGGT 
73  TTTGAGGGGAGCCCTTTTTAAGAAAAGTAAGGCATCTGCCAG 
74  GATACATAACGTAGCGACAGAATCAAGTTTGCAACTAATGCA 
 
 
196 
75 
 
CGCTCAACAGGAAGGGAAGAAAGCGAAAGGATATAAAGCCAA 
76  ACATAAATCAAGTATGGGATTTTGCTAAACAATGGAAACAGT 
77  ATCGTAACCGTCAGATAGCCGAACAAAGTTACAGATGGGCGC 
78  TTTTCGGTTGTAGCTAAATTTT 
79  TTTTTGACCATATTTAGTTTTT 
80  TTTTGTAATCTTCATCAATTTT 
81  TTTTCGGAACAAGACAGTTT 
82  TTTTATCAATAAAACCCTTTTT 
83  TTTTTAATGCTATTAGTTTT 
84  TTTGGATCCCGACTCTATTT 
85  TTTTATCCTGTCAGGCGATTTT 
86  CTACAACGCCTAACAAACATCAAGAAAACAAACCAGTACAAA 
87  GAGGCTACAGAGACTTTTTCTGAGTATTTTCGTGCCAGAGAA 
88  CTGGCCAACATGAGCACGTGCCTGGGAATTCGTGTTTCCTGT 
89  AACGCCTTCCTAGCAATAGGAGCTCCCCTGAGGTCCACGCAC 
90  ACGGACAGATGGGCGCATAATCGGCTTCGTCAATTAATTACA 
91  AGAGGCATTTGCGTACTATGGTTGCTTTGACGTAATTTAGGC 
92  CGTAACGATCTCGAATTATTCATTTCAATTACTCATAGTTAG 
93  TGGCGCAGAGGAAAGTTTTGGTCACTGAAAGCCAGACAATGT 
94  TCGCAAATCAAAGGAAGGTCTGACCGCTGCGCAAGTAATTAA 
95  ACAAAAGGTAGTAACCACCACACCCGCCGCGATAAAGTACCG 
96  CTTATTAGCGAGGCTTTTGCAAAAGAAGTTTGTCATAGCCCC 
 
 
197 
97  ACCAGAGCCAAACCCTCGTTTACCAGACGACAAATCACCGGA 
98  AGTTCTATCATCCACCGGAATTGAGGACCCTGAGAAGCCTGA 
99  AACATCATTCCCCCAATTCCATTATCGCTAATCAAACGGCGC 
100  TAACCCACAAGCCGTCGGATTCTCCGTGGGAAATCAGAGAGA 
101  ACAATGAAATGTAGCCAGCTTTCATCAACATAAGAGCAAGAA 
102  TTCATAATCAGATAAAAACCAAAATAGCGAGTTTGCCATCTT 
103  GCTACAGGGCTCGAGCCAGTAATAAGAGAATCTTAATGCGCC 
104  ACAGACAGCCCCTGAGCAAAAGAAGATGATGAGTAGCATTCC 
105  AGCCCAATAATTAAATGTGAGCGAGTAACAACAATTGAGTTA 
106  TTTTTTGCGGGTAATACTTTTT 
107  TTTTGTTGATTATATAACTTTT 
108  TTTTCAGACCAAACGGTGTTTT 
109  TTTGACTAAAGGCTTTGTTT 
110  TTTTGGAATTGCAGTTGATTTT 
111  TTTCGTGGCAGTAAGAATTT 
112  TTTTCATAGCTAATCATTTT 
113  TTTTGCAAGCGAGAGTTGTTTT 
114  CCTTTTACATCAGCCCAATAGGAACCCATGTAAGTAACAGTA 
115  GTCAGAAGTTTATACGTAACAGATGATAGTAACCACCAGACG 
116  TTTATGCTTTCGAACAAGACACCAGAATTGTTACACAACACC 
117  AACGCAGAGAGTAATTCGCGTGTGATGAGACGCCTTCACCAT 
118  TGAGATCATAAAACTTTGAGGGGTAAATATACCCGTAACACA 
119  CAGAGCGGGATATCAACAATAGATAAGTCCTCTCGTTAGAAT 
 
 
198 
120  TTTGAATACCACCGCCACCCTCAGAGCCACCAGCCTGATTGC 
121  TCTACTCAGAAAGTTACAACTGTCCGGACATTGAACCCTTTA 
122  CACCAAATATCACTAATAGTAAAAGAGACGACTACGCCAGGC 
123  ACAGGAACGGGACAATAAACAACATGTTCAGAGGGATTTTAG 
124  TGGATAGCGTTCAGAGCCGCCACCAGAACCAAATGTTTAGAC 
125  GAATCCCCCTGAGCCGCCACCCTCAGAACCGAAATATTCATT 
126  ATGTTCCCTCACAAATGCTTAATATCAACGCAAGAACCCTAC 
127  CGCCTTTAAATGGTGTCTGTTATTTTTTGTTAAGAGGGTAAC 
128  TAAATTTTTGTCTGAACACCCTGAACAAAGTCAAATTCGCAT 
129 
 
CCATCAAAAAAATAACATAAAAACAGGGAAGCAATAGGAACG 
130  GAATCGTCATCCACCCTCAGAGCCACCACCCCCAATACTGCG 
131  CGCGCCTGTTGCTAAACAGGAGGCCGATTAACTAATGCAGAA 
132  ATAACGGATTCCCCTCATTTTCAGGGATAGCAGGGAGAAACA 
133  CATTTTTTAACCGCATTAGACGGGAGAATTAATAAATCAGCT 
134  TTTTAATTTTTAGGATAATTTT 
135  TTTTAAAGTACATGCAACTTTT 
136  TTTTACTGACCGGGAACCTTTT 
137  TTTGGGTAAACCATTAATTT 
138  TTTTACTAACATTTAGGATTTT 
139  TTTAGAGATACTGGCCATTT 
140  TTTCAATTCCATCCGCTTTT 
141  TTTTTGATTGCGGCAACATTTT 
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142  TATAGCCCGGAGAAATTGCGTAGATTTTCAGGTTGATATAAG 
143  CTGCTACGAAGAAAGAGGCGCCGTCGCCAGCAAGCGGATTAC 
144  CAATATATCCCAGCAATACCGGTTTCCGGAAGTGGGGTGCGT 
145  AATACATATGTAATAGCAGTACGAGGCGTATTTTTCTTTTAA 
146  CCACTCCATGTGGCGCAGAGCCGCCGAGAGGGTTTAACGTTG 
147  CGAGCATGTAATCACGCAAATTAACCGTTGTATCCTAATTTA 
148  TACCGCCACCCACCTACCATATCAAAATTATTGGAGGTTTAG 
149  TAGAGGTTAGATCAGAACCAATCCTTTGGCAGACCAGTAAAT 
150  GAAGGCCGTCAAGGATTTATTTACAGAGAAGTAACGGGTATG 
151  TCATTCCAAGGTTTTTATAATCAGTGAGGCCGTCTTTCCTTA 
152  TTGAGGCAGGGACTATTATAGTCAGAAGCAATTGACAGGAGG 
153  TAAATCCTCAAAAACGAGAATGACCATAAATTCACAAACAAA 
154  AGAGAGTTCAGTTAAAGCCAGTTACTTTTAAAATGTGTAGTT 
155  AAACCTTAATTGTAGCTCACATATAAAAATAAGTAAACGTTT 
156  TATTTATCCCAGTATAAGCAAATATTTAAATTACAGCCATAT 
157  CAAAAATGAAACCCCGGTTGATAATCAGAAATTGTTTAACGT 
158  GCCTTGATATCAAAAATCAGGTCTTTACCCTTCAGACGATTG 
159  GAGTCTGTCCGAAACCAATCAATAATCGGCTACCGAGTAAAA 
160  CACCGTACTCATGCACGTAAAACAGAAATAAAATAGGTGTAT 
161  GAAACGATTTTAGCCCCAAAAACAGGAAGATTATCCAAATAA 
162  TTTTCTGAGTATGCAATGTTTT 
163  TTTTTAATGCTGCTGAATTTTT 
164  TTTTGGAACGATACTTAGTTTT 
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165  TTTTAAAACGGCACCAATTT 
166  TTTTACATTTGATAGATATTTT 
167  TTTTCACACGATTCACCTTT 
168  TTTTAAAGCCCATAAAGTTT 
169  TTTTGGTGGTTGGGCGCCTTTT 
170  TTATCAGATGAGGGTTTTGCTCAGTACCAGGCATATTCCTGA 
171  GTATATACACTACCCCCAGCGGAATAAAAGATTGGTAATATT 
172  TAGTGATTAGTTAGCAAGCAGCTGCAGTGAGCCGTTGCGCAT 
173  CTTTTGCTATTACTAGCATCTAATGATTAATGGGGAGAGGTT 
174  AAGACATCGCCAATCCGCGGCATCATATCATCGGATAAGTAA 
175  TTGCCTGAGTAGGAATCATTACCGCGCCCAAAATAACATCAC 
176  GGATTATACTTTTAAGAGGCTGAGACTCCTCACTGATTGTTT 
177  AGTAGAAAGTACTGAATAATTAAACATTTTGAATGGATTAGA 
178  ACATTTAGACTAACTCGTAACCTACCAAGTACAATATTACAA 
179  TATCCAGAACCGCACTCATCGAGAACAAGCACTTGCTGGTAA 
180  CCGAAAGACTTTTGATGATACAGGAGTGTACTAAGAGGAAGC 
181  CGAACCAGACCAGTCTCTGAATTTACCGTTCGAGCTTCAAAG 
182  CTCCGAAAGCGCGGAAGCAGAGATCATTCAAAGGAGACAGTG 
183  AATGTTTTGATCGGATGGCGTAAAGTACAAAGAATTTGCCAG 
184  CATTGCCTGAGACGAGCGTCTTTCCAGAGCCTGCTATCAGGT 
185  TAATCGTAAATTGCACCCAGCTACAATTTTATCGATGAACGG 
186  GTTTTAATTCCAGTAAGCGTCATACATGGCTTCAAATATCGC 
187  TTTTCATCGTAGAAGAACTCAAACTATCGGCAGCCGTTTTTA 
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188  TCAATATAATCAGAGAAGGATTAGGATTAGCGTGGCAATTCA 
189  AAACAAGAGAATCCTGAATCTTACCAACGCTAAGTCTGGAGC 
190  TTTTAAAGGCCAGGGTGATTTT 
191  TTTTATTTTTGAAGAGGTTTTT 
192  TTTTGTGTCGATGATAAATTTT 
193  TTTATCTTTGAAAACACTTT 
194  TTTTATTCGACTTACAAATTTT 
195  TTTGTCTGAACGCTCAATTT 
196  TTTTTAATTGTAACTCATTT 
197  TTTTACGCGCGAATCGGCTTTT 
198  GAGTAACAGTGTTGCGGAACAAAGAAACCACCTCAGTGCCTT 
199  ATCAGATATAGAAATCAAGTCACTGCCCGCTTGTCGTGCCAA 
200  ATTATACCAAGACGGAGATAGTTTTAACGGGGAGAAGGAGCG 
201  TTCGGAACCTACCGAACGTTATTAATTTTAAACCCTGCCTAT 
202  AAATCCTTTGCTTATTCTGCGCCAGCCATTGCATGGAAATTT 
203  CTCCAACAGGTCCTTTAATTCAAATCACCATCATTTTTGAAA 
204  GAGGGTAGCTAATATGATAT 
205  ATGCCGGATCAACCGTTCTAGCTGAGCGAACC 
206  TCCCGACTGAACGCGAGGCGTTTTATAAATTA 
207  TTGAAGCCTTAAGGCTTATCCGGTATTCTAATGCGGGAGGTT 
208  CAGTTAATGCCAGTTTGAGTAACATTATCATTCCCGTATAAA 
209  TTTTGAGAGTACAGGATTTTTT 
210  TTTTAAGTACACGCGAAATTTT 
 
 
202 
211  TTTAACGCTCAACAGGATTT 
212  TTTTGAAACCTTCCAGTCTTTT 
 
APPENDIX B
SUPPLEMENTAL INFORMATION FOR CHAPTER3
203
 204 
 
 
Layered-Crossover Tiles with Precisely Tunable Angles for 2D and 3D DNA Crystal 
Engineering 
Fan Hong, Shuoxing Jiang, Xiang Lan, Raghu Pradeep Narayanan, Petr Šulc, Fei 
Zhang*, Yan Liu*, Hao Yan* 
Center for Molecular Design and Biomimetics at the Biodesign Institute, and School of 
Molecular Sciences, Arizona State University, Tempe, Arizona 85287, United States 
 
 
 
Table of Contents: 
 
Section 1. Experimental materials and methods. 
Section 2. The design principle of the layered crossover tile.  
Section 3. The design and simulation of layered crossover tiles for 2D tessellation. 
Section 4.  Additional AFM images of the 2D lattice 
Section 5. The design and simulation of layered crossover tiles for 3D crystal.  
Section 6. Additional data of the 3D crystal designs. 
Section 7. The adaptation of 3D design to 2D crystal assembly. 
Section 8. Sequences of the designed tiles. 
 
 
 
 
 205 
Section 1: Experimental materials and methods 
Materials. All the DNA strands were purchased from Integrated DNA technologies Inc. 
(idtdna.com) at 25 or 100 nmol scale. The strands for 3D crystal formation were in 1 µmole 
scale. The strands were then purified by denaturing polyacrylamide gel electrophoresis in 
1×TBE buffer with urea.  Purified DNA were reconstituted in pure water and their 
concentrations were determined by measuring absorbance at 260 nm.  
Assembly of the 2D DNA crystal structures. The detailed design and sequence of DNA 
oligoes used to assemble each structure are listed in Section 5. All the tiles were assembled 
by mixing equimolar amounts of all the oligomers presented structures at a final 
concentration of 1 µM in 1× TAE•Mg2+ buffer (40 mM Tris base, 20 mM acetic acid, 2 
mM EDTA•Na2 •12H2O, 12.5 mM ((CH3COO)2Mg•4H2O)). The oligonucleotide mixture 
was annealed in a thermocycler (Eppendorf) programmed to cool from 95 °C to 4 °C in 12 
h: 94 °C to 86°C by 4°C every 5 min, 85 °C to 70 °C by 1 °C every 5 min, 70 °C to 40 °C 
by 1 °C every 15 min, 40 °C to 25 °C by 1 °C every 10 min, then hold at 4 °C.  
Assembly of the 3D crystal structures. The DNA strands were mixed with equimolar 
amount at a final concentration of 250 µM. The crystallization condition was screened 
using DNA crystallization kit (Sigma-Aldrich 80701) with 48 conditions in 24-well 
crystallization plates. Sample preparation was performed using the sitting drop vapor 
diffusion method by combining 4.5 µL of the oligo mixture with 2.25 µL of the reservoir 
solution. The crystallization trays were placed in chilling mode in an incubator (Torrey 
Pines Scientific, Carlsbad, CA) set to 60 °C and allowed to equilibrate for 1h, and then the 
temperature was reduced to 25 °C at a rate of 0.3 °C/h.  After screening and optimization, 
we found the buffer that contains 0.05 M Cacodylate pH 6.5, 2.0 mM spermine, 1.0 mM 
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Cobalt(III) hexamine, 80 mM CaCl2 yielded crystals with the best quality (largest crystal 
sizes).  
 
Surface-mediated assembly. The oligo mixture was deposited on a freshly cleaved mica 
(Ted Pella, Inc) and sealed in a crystallization tray with 1× TAE•Mg2+ buffer providing the 
humidity. The mica surface was facing down to contact the oligo mixture in the groove of 
crystal tray. Then the system was put in an incubator with a temperature ramp from 70 °C 
to 25 °C (-1 °C per hour).  
Native PAGE gel electrophoresis. The assembled DNA structures were verified with 
native gel electrophoresis (polyacrylamide gel electrophoresis in 1×TAE•Mg2+ buffer). All 
the gels were run for 150 min in 1× TAE/magnesium (Mg2+) buffer at 200 V in a water 
circulating bath at 25 °C. The gels were then stained with Ethidium Bromide and visualized 
under ultraviolet light (Gel Doc XR+ system gel imager, Bio-Rad).  
AFM imaging. For AFM imaging, 2 µL of the assembled sample was first diluted five 
times with 1× TAE/Mg2+ buffer, then 2 µL diluted sample was deposited onto a freshly 
cleaved mica surface (Ted Pella), and 60 µL 1× TAE/Mg2+ buffer was added on the top of 
the sample. After waiting for about 2 min to allow adsorption of the sample to the mica 
surface, the buffer solution was removed with a pipet. This also removed the most of the 
unbound strands to prevent their influence on AFM imaging. Then 60 µL buffer was added 
to the sample again, and an additional 60 µL was deposited on the AFM tip before engaging. 
AFM imaging was conducted in the “ScanAsyst mode in fluid” on a Dimension FastScan 
with Scanasyst-Fluid+ tips (Bruker). For the surface mediated assembly sample, the mica 
disk was firstly washed with 1× TAE/Mg2+, and the following procedure is as the same as 
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the solution annealed sample.   
TEM imaging of the crystal.  6 µL of buffer was added to the crystal droplet to break the 
crystal into smaller pieces by gently pipetting. Then, 5 µL of the sample was deposited on 
a carbon-coated grid (400 mesh, Ted Pella). Before depositing the sample, the grid was 
negatively glow discharged (Emitech K100X) to make it more hydrophilic. After 1 minute, 
the excess sample was wicked away from the grid with a piece of filter paper. To remove 
the excess salt, the grid was washed with a drop of nanopure water and the excess water 
was wicked away with a filter paper. For staining, the grid was treated with a 0.5 µL of 
0.7 % uranyl formate solution for 2 mins. and the excess solution was removed with a filter 
paper. The grid was treated with a second drop of uranyl formate solution for 20 seconds, 
and the excess solution was removed with a filter paper. The grid was subsequently held at 
room temperature to dry. TEM images were collected using a Philips CM12 transmission 
electron microscope. 
oxDNA based coarse-grained simulation. A custom software was used to convert the 
design in Tiamat to oxDNA simulation input. The structure was firstly relaxed by using 
harmonic force interactions between the bases. Then molecular dynamics (MD) 
simulations was ran to generate representative sets of configurations for each tile for 109 
steps. Then the conformations were analyzed to generate the angle distribution between the 
helices in two layers. 
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Section 2. The design principle of the layered crossover tile.  
2.1 The design of a layered crossover tile 
Similar to the traditional double crossover that has the smallest distance between the 
parallel DNA helices, layered-crossovers would give the closest distance between layered 
DNA helices as well. Consequently, the position to create a layered-crossover should be 
located at the top or bottom of the DNA helices.  
 
Figure S1. The comparison between layered crossers and double crossovers. (A) the line 
and helical models of a traditional double crossover motif. (B) the line and helical model 
of a layered crossover motif.  
2.2 The design space of the layered-crossover tiles 
Since only the DNA bases located on the top or bottom can be used as layered crossover 
positions, there will be a limited amount of bases available. A geometrical model has been 
used previously described to identify possible layered crossover positions and predict the 
relative orientation angle between DNA helices between layers.1 Basically, the best layered 
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crossover positions are along the DNA backbone whose position is in closest distance to 
the DNA helices in the next neighboring layers (Figure S1). However, because of the 
thermal fluctuation of the molecules, the bases close to the red bases bellow is suitable for 
layered crossover positions as well without bring strong tension to the overall tile structure.  
 
Figure S2. The best layered-crossover positions located on the front surface of an extended 
DX molecule that is six helical long. The crossover positions indicated with red dots allow 
the DNA strands to be connected to strands on the DNA helixes located in the front. When 
designing a layered-crossover tile with a particular angle, the layered crossover positions 
can be shifted about one base position away from the best positions indicated above. 
 
The layered crossover tile used in this work is based on the DAE (D for double crossover, 
A for antiparallel, E for even number of half-turns between crossovers ) design. In the DAE 
design, there two types of strands, one stays on the same DNA helix, named straight strand, 
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while another route across the DNA helices and create the crossovers to bridge the two 
DNA helix together, named bridge strand. Generally, one pair of layered crossovers 
containing two layered crossovers located on the same type of strands. The layered-
crossover tile uses one or two pairs of layered crossovers to fix the orientation.  
 
To investigate the angle control capability of the layered-crossovers, we calculated the 
orientation angle under different combinations of layered crossovers by using the 
coordinates of the bases creating the layered crossovers. The coordinates of the DNA bases 
are extracted from the Tiamat design software. The code to export the coordinates and 
compute the angle is available on Github 
(https://github.com/Albert09111/layered_crossover).  
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Figure S3. Angle estimation of the layered-crossover tiles by the coordinates of the bases 
creating the layered crossovers. The orientation angle is calculated as two fold of the δ.  
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Figure S4. The controllable angle by using the combination of the best layered-crossovers 
available based on a 6-turn long double crossover motif. Top left: The designable angle 
space by using the layered-crossovers located on the straight strand; Top right: The 
designable angle space by using the layered crossovers located on the bridge strand; 
Bottom: The designable angle space by using the layered crossovers located on the 
straight strand and bridge strand.  
 
2.3 Design and simulate a layered crossover tiles. 
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To design a layered crossover tile with desired angle between DNA helices, the first step 
is to align the helices into a desired angle. Then, a layered crossover can be created to allow 
a DNA strand to travel between layers through the closest bases between layered helices 
to fix the orientation angle. For the 2D tessellation, 4 layered crossovers are used to fix the 
orientation.   
After finishing the design in Tiamat, the structure was then imported into oxDNA to run 
molecular dynamic simulation to get insight about the designed tile and evaluate the angle 
of the tile comparing to the intended angle. To measure the orientation angle of the DNA 
tiles, vectors are created from one double crossover to another one located on the helices 
within the same layer. We ran the simulation using the GPU implementation of the oxDNA 
model [2]. We used the oxDNA2 version of model [3] with averaged sequence strength 
and with sodium concentration set to 1M. We ran the simulation for total of 0.048 seconds, 
with timestep equal to 0.0151 picoseconds, using the Andersen thermostat at temperature 
25C. We note, however, that direct connection cannot be established between the time in 
the simulation and the corresponding time in experiment due to the highly coarse-grained 
nature of the model, since timescales of different processes (such as breaking of stacking 
interaction between bases or diffusion of the arms of junction) can scale with different ratio 
with respect to the actual time of the same process happening in experiment. Moreover, to 
speed up the sampling of different conformations of the junction, we are using diffusion 
coefficient that corresponds to 7.6 x 10-8 m2 s-1 of a 14bp duplex in the simulation, which 
corresponds to approximately 600 times faster diffusion than what was observed 
experimentally. For each tile design, we saved about 700 configurations that were used to 
calculate the average tile angle.  
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Then, the average measured angle between the vectors of the bottom layer and top layer 
can represent the orientation angle of the layered crossover tile. 
 
Figure S5. The procedure to design and simulate a layered crossover tiles. 
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Figure S6. The method used to calculate angle between helices of a tile.  
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Section 3. The design and simulation of layered crossover tiles for 2D tessellation. 
 
Figure S7. The non-corrugated design details of layered-crossover tile with predicted angle 
of 83 degrees.  
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Figure S8. The corrugated design details of layered-crossover tile with predicted angle of 
83 degrees 
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Figure S9. A conformation of layered crossover tile with predicted angle of 83 degrees.  
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Figure S10. The design details of layered-crossover tile with predicted angle of 76 degrees.  
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Figure S11. A conformation of oxDNA modeled layered crossover tile with predicted 
angle of 76 degrees.  
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Figure S12. The design details of layered-crossover tile with predicted angle of 55 degrees.  
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Figure S13 A conformation of oxDNA modeled layered crossover tile with predicted 
angle of 55 degrees.  
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Figure S14. The design details of layered-crossover tile with predicted angle of 45 degrees.  
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Figure S15. A conformation of oxDNA modeled layered crossover tile with predicted angle 
of 45 degrees.  
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Figure S16. The design details of layered-crossover tile with predicted angle of 28 
degrees.  
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Figure S17. A conformation of oxDNA modeled layered crossover tile with predicted angle 
of 28 degrees.  
 
 
 
 
 227 
 
Figure S18. The design details of layered-crossover tile with predicted angle of 20 degrees.  
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Figure S19. A conformation of oxDNA modeled layered crossover tile with predicted angle 
of 20 degrees.  
 
 
Figure S20. The conformation of simulated lattice formed by layered-crossover tile with 
predicted angle of 83 degree.   
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Figure S21. The conformation of simulated lattice formed by layered-crossover tile with 
predicted angle of 76 degree.   
 
 230 
 
Figure S22. The conformation of simulated lattice formed by layered-crossover tile with 
predicted angle of 55 degrees.   
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Figure S23. The conformation of simulated lattice formed by layered-crossover tile with 
predicted angle of 45 degrees.   
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Figure S24. The conformation of simulated lattice formed by layered-crossover tile with 
predicted angle of 28 degrees.   
 
 
Figure S25. The conformation of simulated lattice formed by layered-crossover tile with 
predicted angle of 20 degrees.   
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Figure S26. (A) the two vectors pointed from one crossover to another crossover in parallel 
NDA helices are used to calculate lattice angle. The lattice angle equals to the acute angle 
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of the two vectors. (B) The angle distribution of simulated lattice assembled form designed 
tiles, which are 84 ± 4, 77 ± 4, 56 ± 4, 46 ± 4, 27 ± 3, and 20 ± 3, respectively.  
 
 
Figure S27. The angle variations of single free tile and tile in 3×3 tile lattice from the 
simulation.  
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Section 4.  Additional information of layered-crossover tiles for 2D crystal assembly 
 
Figure S28.  Gel electrophoresis of the layered-crossover tile with orientation angel of 83-
degree tile for 2D crystal . The structure of the samples in the lanes 1, 2, 3 are shown in the 
right. Lane 3 shows almost a single band, indicating the successful assembly of the tile. 
After providing sticky-ends for the tile, it can assemble into high order structure, as shown 
in Lane 1 and Lane 2.  
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Figure S29. The scheme of connection between layered-crossover unit for the corrugated 
assembly. Left and right images are top view and tilted view, respectively.  
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Figure S30.  The AFM images of 83-degree-tile lattice with corrugated design. 
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Figure S31. The AFM images of 83-degree-tile lattice with non-corrugated design. 
 
Figure S32. The assembled tube size distribution for the noncorrugated and corrugated 83-
degree-tile design. The tube size for the non-corrugated and corrugated designs are 0.201 
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± 0.014 µm and 0.208 ± 0.019 µm. 
 
 
 
Figure S33. The AFM images of 76-degree-tile lattice with corrugated design. 
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Figure S34. The AFM images of 55-degree-tile lattice with non-corrugated design. 
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Figure S35. The AFM images of 45-degree-tile lattice with non-corrugated design. 
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Figure S36. The AFM images of 27-degree-tile lattice with non-corrugated design. 
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Figure S37. The AFM images of 20-degree-tile lattice with non-corrugated design. 
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Figure S38. The tubes formed by the 83-degree (A) and 55-degree (B) layered-crossover 
tile, respectively. The AFM images are all 500×500 nm. The tube diameters are generally 
larger in the former sample.  (C) The circumference destructions collected from the AFM 
images.   
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Figure S39. The proposed tube formation mechanism during the 2D crystal growth with 
different angle of layered-crossover tiles.  
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Figure S40. Optimizing the concentration for surface mediated assembly with 76-degree-
tile. (A) 100 nM; (B) 10 nM; (C) 5 nM; (D) 2.5 nM. The scan area is 5 µm x 5 µm in all 
images.  
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Figure S41. AFM images of surface mediated assembly of 83-degree-tile. The scan area is 
2 µm x 2 µm in all images. The concentration of the tile is 5 nM. 
 
Figure S42. AFM images of surface mediated assembly of 55-degree-tile. The scan area in 
the two images are 5 µm x 5 µm and 2 µm x 2 µm, respectively. The concentration of the 
tile is 5 nM. 
 248 
 
Figure S43. AFM image of surface mediated assembly of 28-degree-tile. The concentration 
of the tile is 5 nM. The scan area is 2 µm x 2 µm. 
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Section 5. The design and simulation of layered crossover tiles for 3D crystal.  
 
Figure S44. The scheme of connection between layered-crossover units to form a 3D 
crystal 
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Figure S45. The design details of layered-crossover tile for the construction of 3D crystal 
with square pattern. 
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Figure S46. The design details of layered-crossover tile for the construction of 3D crystal 
with hexagonal pattern. 
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Figure S47. (A) A snapshot of the simulated layered-crossover tile for the construction of 
3D crystal with square pattern. (B) The angle distribution of the simulated tile 74 ± 9 
degrees.  
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Figure S48. (A) A snapshot of the simulated layered-crossover tile for the construction of 
3D crystal with hexagonal pattern. (B) The angle distribution of the simulated tile 52 ± 5 
degrees. 
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Section 6. Additional data and TEM images. 
 
Figure S49.  (A) Gel electrophoresis of the 3D layered-crossover tile unit. The 
concentration of the unit is 1 µM. The bottom band is the crystal unit (at around 80 bp 
position) and the upper bands are the dimer, trimer, tetramer, pentamer. (B) Additional 
crystal images (in buffer Sigma 23). 
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Figure S50. Additional images of assembled crystal from 80-degree 3D layered crossover 
motif under polarized light. 
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Figure S51. Additional images of assembled crystal under polarized light of the 60-degree 
design.  
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Figure S52. Additional TEM images of the 3D crystal with square pattern assembled from 
layered-crossover tile.  
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Figure S53. Additional TEM images of assembled crystal from 60-degree 3D layered 
crossover motif. 
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Figure S54.  The experimental measurement and calculation of the cavity size of the 
hexagonal pattern. The small triangular cavity cannot be observed by TEM in the image.  
 
 Section 7. The adaptation of 3D design to 2D crystal assembly. 
We tried to use the structural motifs designed for the 3D crystal in the assembly of 2D 
lattices by increasing the sticky ends length into 5-nt long and changing the paring rules. 
However, it was observed that they preferred to form narrow nanowire structures instead 
of 2D lattices. The results are shown in Fig. S55 (shown next). A couple of reasons may 
be proposed to explain this: (1) Only two layered-crossovers in the structural motif may be 
not strong enough to fix and maintain the desired angle; (2) The interactions of the 2x5 bp 
sticky ends at the ends of the tiles are too strong so that the binding force is enough to 
compromise the inter-arm angles (which has less resistance to change as stated in reason 
(1)); (3) The arm lengths of the tiles are short, enabling a strong cooperativity between the 
two pairs of double sticky ends. Therefore, the strong sticky ends between the two units 
may force the two DNA helixes on the top and bottom layers to align in a more parallel 
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way (e.g. to form a 4-helix bundle like structure with a square like cross-section), leading 
to a linear assembly.  
The problem does not exist in 3D assembly because the sticky ends are designed to be very 
short, each 1-nt long, which is able to avoid kinetic traps during the assembly. With such 
weak sticky ends, it’s not likely that two units would assemble together to force the helixes 
to align parallelly. Rather the tiles each remain their natural relaxed angles, 90 or 60 
degrees. 
 
Figure S55. The 3D design applied for 2D lattice assembly. (A) the unit design for 2D 
assembly based on the 3D crystal unit. The sticky ends are increased from 1-nt to 5-nt long 
and the paring rule has been changed to allow the tile grow into 2D. The red sticky ends 
and green sticky ends are paring each other, respectively. (B) The AFM images of the 
assemblies. The tiles prefer to form nanowire structures instead of 2D lattice, because the 
strong interaction of the sticky ends may force the DNA helices align in a more parallel 
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way.  
 
Section 8. Sequences of the designed tiles. 
90-non-corrugated design 
1: 
CGTACTGCCTGGGTTGCGGAGAAACACCATCCTGTCTTTCTGCTCAGGCCTGA
CAACATCTGC 
2: 
CCATCATGGACTATCGCTGATAAAGTGGCTGGACTCTGACTGAGCAGTGGAC
CGATGCAGACA 
3: GCGATAGTGGCCTGAGCAGAAAGACACCAGCCTGAGAAACCC 
4: 
CATCATGGATAGGAGTGGGTTTCTCACCTCCCAGAGTGCGATCTCCGGAGGA
CTACGGCGAGA 
5: GCCGTAGTGGCGCAGTGCAG 
6: 
ACTGCGCCTGATGTATGATCCAGCCTGGATGGTCCTATGTTGCTCAACGGCTG
ACAATCTCCT 
7: GATTGTCACCATGATGTGTC 
8: ACTCCTATGCCGTTGAGCAACATAGGAGGGAGGACTTTATCA 
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9: ATACATCACCTCCGGAGATCGCACTCTCCATCCTGTTTCTCC 
10: GCAACCCACCACTGCTCAGTCAGAGTGGATGGAGGCTGGATC 
11: TGCATCGGTGGCAGTACGAGGA 
12: ATGTTGTCACCATGATGGTCTC 
90-currugated-design 
1: 
CGTACTGCCTGGGTTGCGGAGAAACACCATCCTGTCTTTCTGCTCAGGCCTGA
CAACACGACA 
2: 
CCATCATGGACTATCGCTGATAAAGTGGCTGGACTCTGACTGAGCAGTGGAC
CGATGCACTGC 
3: GCGATAGTGGCCTGAGCAGAAAGACACCAGCCTGAGAAACCC 
4: 
CATCATGGATAGGAGTGGGTTTCTCACCTCCCAGAGTGCGATCTCCGGAGGA
CTACGGCGAGA 
5: GCCGTAGTGGCGCAGTGCAG 
6: 
ACTGCGCCTGATGTATGATCCAGCCTGGATGGTCCTATGTTGCTCAACGGCTG
ACAATCTCCT 
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7: GATTGTCACCATGATGTGTC 
8: ACTCCTATGCCGTTGAGCAACATAGGAGGGAGGACTTTATCA 
9: ATACATCACCTCCGGAGATCGCACTCTCCATCCTGTTTCTCC 
10: GCAACCCACCACTGCTCAGTCAGAGTGGATGGAGGCTGGATC 
11: TGCATCGGTGGCAGTACGTCTC 
12: GTGTTGTCACCATGATGGAGGA 
 
75-design 
1: 
CGTACTGCCTGGGTTGCGGAGAAACCCATCCTGTCTTTCTGCTCAGGCCTGAC
AACACGACA 
2: 
CCATCATGGACTATCGCTGATAAAGTAGGCTGGACTCTGACTGAGCAGTGGA
CCGATGCACTGC 
3: 
ACTGCGCCTGATGTATGATCCAGCCTAGGATGGTCCTATGTTGCTCAACGGCT
GACAATCTCCT 
4: GCGATAGTGGCCTGAGCAGAAAGACACCAGCCTGAGAAACCC 
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5: 
CATCATGGATAGGAGTGGGTTTCTCCCTCCCAGAGTGCGATCTCCGGAGGAC
TACGGCGAGA 
6: GCCGTAGTGGCGCAGTGCAG 
7: GATTGTCACCATGATGTGTC 
8: ACTCCTATGCCGTTGAGCAACATAGGAGGGAGGACTTTATCA 
9: ATACATCACCTCCGGAGATCGCACTCTCCATCCTGTTTCTCC 
10: GCAACCCACCACTGCTCAGTCAGAGTGGATGGAGGCTGGATC 
11: TGCATCGGTGGCAGTACGTCTC 
12: GTGTTGTCACCATGATGGAGGA 
60 -design 
1: TCCGAATCTCGGCGCGCCGGTGCTTGGGGACCCACCGTTAGG 
2: 
GTATTGGCCTGGATTTCCGTCGAAGGGGAGCACTGGTCCTAACGGACGGTCC
AC 
3: CTCTGTGGACCGTGGGGCTGCA 
4: CTTCTGCAGCCCCTGGGTCCCCAAGGCAAAAGCCAGTCCTACAAACCAGGA 
5: GGTTTGTACGTGTGCCTCTG 
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6: 
GGCACACGACCGGCTAAGTTCGGAGTCCGAGATTCGGAAGACCACCTTCGAA
CA 
7: GAAGTGTTCGAACGGGACAC 
8: 
AGAGGTGTCCCGACCACACGGCAACCGATTCCAGGGGGACACCCGGCCAGA 
9: GCCGGGTGTGGCCAATACTCCT 
10: ACCAGTGCTCCCGGCCAGCTCGTTGCCGTGTGGTGGTGGTCT 
11: AGCCCGAGCTGGCCGCGAGGCGGTGGCACCGGCGCGCCTCGG 
12: AATCGGGGCTCCGAGGACTCCGAACTTAGCCGGTGGACTGGC 
13: TTTTGCCCACCGCCTCGCCTTCGACGGAAATCCACCCCCTGG 
45 -design 
1: TCCGAATCTCGGCGCGCCGGTGCTTGGGGACCCACCGTTAGG 
2: 
GTATTGGCCTGGATTTCCGTCGAAGGGGGAGCACTGGTCCTAACGGACGGTC
CAC 
3: CTCTGTGGACCGTGGGGCTGCA 
4: CTTCTGCAGCCCCTGGGTCCCCAAGGCAAAAGCCAGTCCTACAAACCAGGA 
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5: GGTTTGTACGTGTGCCTCTG 
6: 
GGCACACGACCGGCTAAGTTCGGAGTGCCGAGATTCGGAAGACCACCTTCGA
ACA 
7: GAAGTGTTCGAACGGGACAC 
8: 
AGAGGTGTCCCGACCACACGGCAACCGATTCCAGGGGGACACCCGGCCAGA 
9: GCCGGGTGTGGCCAATACTCCT 
10: ACCAGTGCTCCCGGCCAGCTCGTTGCCGTGTGGTGGTGGTCT 
11: AGCCCGAGCTGGCCCGAGGCGGTGGCACCGGCGCCCTCGG 
12: AATCGGGGCTCCGAGGACTCCGAACTTAGCCGGTGGACTGGC 
13: TTTTGCCCACCGCCTCGCCTTCGACGGAAATCCACCCCCTGG 
30 -design 
1: 
TATTGCCCTGACAATACAGCGTTACTGCCTGCCAACCACGGGACCCGCCCTG
GTCTTCTACCTCGGCTTCCTACAAACCACTAG 
2: TGGTTTGTACGTGTGCCTGAAG 
3: 
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AGGCACACGACCAGCCAGATTCCTGCCCGGACTTGGCCCCAGGATCGCTGGA
CCGATGCTCTGGAATCATGGACACCCGGCTTC 
4: 
CAGAGGTGTCCCGACAGCCAGGGCCCAAACTGGGACCCACCGCACACCTGG
GGCCAAGTGGGCGGGTGGGTACACCTGCGAGGACGCCGTCTAAACCTTCGAA
CAC 
5: AGACGTGTTCGAACGGGACACC 
6: 
GTCTGCAGCCCCTGGTCCGATCAGGCACTTCCCTGGGAGCTGGCACCCGTGG
TTGGCACCAGCGATGGGCGGAGGACACCGGAGTGTTAGCGTAGGACGGTCCA 
7: TCTGTGGACCGTGGGGCTGC 
8: CTGGCTGTGGTTTAGACGGCGTGGAATCTGGCTGGTGGAAGCCG 
9: AGGTAGAAGACCACCGGGCACCTCGCACCCAGTTTGGGCC 
10: TCGGACCACCTACGCTAACACTACGCTGTATTGTCACCATGATT 
11: GCCAGCTCCCACCTCCGCCCTGTGCGGTGGGTGGTGTACCCT 
12: CCAGAGCATCGGTGGCAGTACCGGTGTGGGAAGTGCCTGA 
13: CCGGGTGTGGGCAATACTAG 
20-degree 
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1: 
TATTGCCCTGACAATACAGCGTTACTGCCTGCCAACCACGGGACCCGCCCTG
GTCTTCTACCTCGGCTTCCTACAAACCACTAG 
2: TGGTTTGTACGTGTGCCTGAAG 
3: 
AGGCACACGACCAGCCAGATTCCTGCCCGGACTTGGCCCCAGGATCGCTGGA
CCGATGCTCTGGAATCATGGACACCCGGCTTC 
4: 
CAGAGGTGTCCCGACAGCCAGGGCCCAAACTGGGACCCACCGCACACCTGG
GGCCAAGTGGGCGGGTGGGTACACCTGCGAGGACGCCGTCTAAACCTTCGAA
CAC 
5: AGACGTGTTCGAACGGGACACC 
6: 
GTCTGCAGCCCCTGGTCCGATCAGGCACTTCCCTGGGAGCTGGCACCCGTGG
TTGGCACCAGCGATGGGCGGAGGACACCGGAGTGTTAGCGTAGGACGGTCCA 
7: TCTGTGGACCGTGGGGCTGC 
8: CTGGCTGTGGTTTAGACGGCGGAATCTGGCTGGTGGAAGCCG 
9: AGGTAGAAGACCACCGGGCAGTCCTCGCACCCAGTTTGGGCC 
10: TCGGACCACCTACGCTAACACCGCTGTATTGTCACCATGATT 
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11: CCAGAGCATCGGTGGCAGTAATCCGGTGTGGGAAGTGCCTGA 
12: GCCAGCTCCCACCTCCGCCCTGTGCGGTGGGTGGTGTACCCT 
13: CCGGGTGTGGGCAATACTAG 
90_degree_crystal-design: 
1: GTCTTATCTCCTGTATTGCCTTTAGGACACTTTAAC 
2: CTGGCGGAATACACCTAAAGGCTAGCGGAATACACCTAAAGG 
3: TATGTATCACCTGTATTCCGCTACCGCCAGCCTTTAGGACTACGCCGT 
4: AACGGCGTAGTGGAGATAAGA 
5: CGTTAAAGTGTGGTGATACAT 
60_degree_crystal_motif: 
1 
GTCTTATCTCCTGTATTCCGCCAGCCTTTTATTCCGCCAGCCTTTAGGAC
ACTTTAAC 
2 AACGGCGTAGTGGAGATAAGA 
3 CTAGCGGAATACACCTAAAGGCTGGCGGAATACACCTAAAGG 
4 TATGTATCACCTGAGGACTACGCCGT 
8 CGTTAAAGTGTGGTGATACAT 
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1. Detailed Strain growth and ultra-specific expression conditions 
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Cells were all grown in LB media at 37 °C. Antibiotics in for   the screening are at the 
following concentrations: ampicillin (50 µg/mL), kanamycin (30 µg/mL). The switch and 
trigger RNAs were expressed from separate plasmids with ColA and ColE origins, 
respectively. The reporter protein was GFP with ASV degradation tag with a half-life of 
~110 min (Anderson et al. 1998).  
To validate the performance of designed ultra-specific riboregulatos, chemically competent 
E. coli were transformed with combinations of switch and trigger plasmids and then spread 
into LB/agar plates with appropriate antibiotics. The surviving colonies were picked, 
inoculated into LB, and cultured at 37°C degrees overnight in a 96-well plates with a 
shaking speed of 800 rpm min-1  in a cell culture incubator (INFORS HT, Multitron Pro). 
After that, cells were then diluted about 100-fold into fresh LB medium and incubated in 
37°C for another 80 mins. Then, 0.1 mM of IPTG was added to the LB medium to trigger 
the expression of T7 RNA polymerase in the cells. After 3 hours, the 5 µL of cells were 
diluted into 50 µL of 1 × PBS buffer in 384-well plates and then the fluorescence were 
measured by the flow cytometry.  
 
2. Detailed Plasmid construction 
All DNA oligoes were purchased from IDT (Integrated DNA technologies, Inc). The DNA 
oligos were them amplified by PCR with universal primers. Then the PCR products were 
inserted into vector backbones using Gibson assembly with 30-bp overlap region as 
described in detail previously.1 Vector bone were PCR amplified using the universal 
backbone primers. 
 274 
 
Backbones were generated from T7-based expression plasmids pET15b and pCOLADuet. 
The plasmids both contain a constitutively expressed lacI gene, a T7 RNA polymerase 
promoter, and terminator pair, and the respective resistance markers/replication origins: 
ampicillin/ColE1, kanamycin/ColA. Reverse primers for the backbones were designed to 
bind to the region in the plasmid upstream of the T7 promoter. Forward primers for the 
trigger backbones amplified from the beginning of the T7 terminator. Forward primers for 
the switch backbones were designed to pair 5’ end of the desired output protein and add a 
30-nt sequence to ensure all the switch components were synthesized correctly. Plasmid 
transformation were performed using established chemical transformation protocols (Inoue 
et al., 1990).  
 
3. Detailed Flow cytometry data analysis 
Custom software has been written to analysis the flow cytometry data. The software was 
first screened to remove any events with non-positive forward scatter (FSC), side scatter 
(SSC), or fluorescence values. The remaining events were then used to generate a two-
dimensional histogram with respect to FSC and SSC, each with bins defined on a 
logarithmic scale. The E. coli population has unimodal distribution in both FSC and SSC 
and thus provide a single peak in the two-dimensional histogram.  
Then the maximum histogram value in this peak was used to define the gating area. The 
software will first compile a set of all coordinates in the two-dimensional histogram that 
had values at least 10% of the maximum value in the peak. The gate was then defined by 
identifying the subset of these coordinates of the maximum histogram value in the peak. 
 275 
 
This gate was then used to screen for acceptable events during subsequence analysis of cell 
fluorescence intensities.  
4. Imaging of the paper disk. 
The images were taken by regular cellphone camera and processed with imageJ. 
Experiments were arranged so that the images of matching control and treatment paper-
based reactions were collected together such that the parameters could be adjusted for all 
samples simultaneously. After the processing and adjusting, the images are then cropped 
and arranged into figures.  
5. RNA hybridization energy analysis 
5.1. Energy penalty of SNVs. 
The relative thermodynamic energy penalties of all possible single-nucleotide variations, 
including substitutions, deletion, and insertions, are calculated by using the following 
steps: (1) the minimal free energy of a RNA hairpin structure without any mismatches in 
its stem is predicted by NUPACK function MFE as ΔG. The stem of the hairpin is 192 nt 
long, containing all the possible combinations of 3-nt long bases. (2) a target mutation is 
added into the stem of the hairpin structure, and its minimal free energy is calculated as 
ΔGmut. For example, if we want to study the mutation of AUC to AGC, the AUC on stem 
of the hairpin will be found and changed to AGC to calculate the ΔGmut of the hairpin 
structure; (3) the energy penalty ∆Gpenalty is obtained by the energy change upon adding 
the mutation, ΔGpenalty =ΔGmut – ΔG. The scatter plot of the energy penalty caused by 
single nucleotide variances for three different types is shown in Figure S1. The 
substitution has the broadest distribution comparing with the other two types. It should be 
noted that the prediction by the NUPACK has limitations for special cases, such as the 
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cases of G/U wobble pairs caused by the mutation. For example, the energy penalty of 
mutation A to G shows a very minimal or even zero energy penalty, which may not be 
accurate. Although the wobble pairing has similar strength as the A:U Waston-Crick base 
paring, it will impose a structural distortion to the RNA duplex, which is not as favorable 
as the natural RNA double helix.2  
 
Figure S1. The Energy penalty of all types of SNVs for RNA hybridizations. 
 
5.2. RNA-Switch interaction energy prediction 
The hybridization energy of RNA complexes is calculated by NUPACK3, which performs 
its calculations based on the nearest neighbor model. To facilitate energy simulations of 
the target-switch complex, an 8-nt long loop was added to the docking region to enable the 
simulation based on a single stranded RNA complex. We believe this assumption will not 
affect the relative energy change too substantially because the function of docking region 
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of the switch is used to bring the target strand together and enable the transition to quasi-
intramolecular interactions.  The reaction energy of the riboregulator with correct target or 
mutant target is calculated using the energy function by providing the sequences and the 
secondary structures.  
Taking the target HFE_C282Y as an example, the target sequence is: 
GGGAAGAGCAGAGATATACGTGCCAGGTGGAGCACCCAGGCCTGGATCAGC
CCCTCATTGTGA.  
The sequence of corresponding ultra-specific riboregulator designed by the software is: 
GGGUCACAAUGAGGGGCUGAUCCAACGAAACAAACUCCACCUGGUACGUA
UAUCUCCCUUAAGAGGAGAAAGAAGAUGGGGAGAUAUACGUACCAGGUGA
UAAAAAGAAAAAGAAAGAAAAUGCGUAAAGGAGAAGAACUUUUCACUGG 
The ON state of complex structure is: U3 U12 D20 ( U10 D21( + U3 ) U10 ) U95. The ON 
state of the complex structure with mutant target is U3 U12 D9 ( U1 D10 ( U10 D21 ( + 
U3 ) U10 ) U1 ) U95. The OFF state of the complex structure is: U3 U12 U20 U10 D21 
( + U3 ) U13 D21 ( U20 ) U50. Then the energy of the different states can be calculated.  
 
6. States distribution of the riboregulator based on thermodynamics. 
The key step for SNV discrimination is the competition reaction between the ON and OFF 
states of the riboregulator upon binding to the target. From a thermodynamic perspective, 
if only the initial OFF state and final ON state are considered, the equilibrium between 
these two states can be described by the following chemical reaction. 
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The distribution between the ON and OFF states are can be calculated by the following 
equations: 
 
 
Where Keq denotes the equilibrium constant and ΔG denotes the Gibbs free energy.  
In a typical reaction that the riboregulator binds to a correct target, the Gibbs free energy 
is -1 kcal/mol. The fraction of the ON state can be calculated to be 0.836. An SNV in the 
correct target is assumed to cause 4 kcal/mol energy penalty. Thus, the Gibbs free energy 
of the reaction becomes about 3 kcal/mol, which is very positive and ensures that the 
equilibrium will move decidedly toward the OFF state, leading an ON state population 
fraction of less than 0.008.  
 
7. Mathematical modeling of ultra-specific riboregulator functionality. 
We developed a mathematical model to quantitatively analyze the influence of SNPs in the 
target on the protein translation. The mathematic model is able to capture the steady-state 
behaviors of the riboregulators, such as the transcription, activation, and translation steps. 
The goal of this model is to provide a framework to thoroughly analyze the system and 
guide the design of ultra-specific riboregulators. Briefly, the first step of the gene regulation 
process is the translation of the ultra-specific riboregulator and the target, the rate of 
transcription is k_trs. After that, the riboregulator and target need to encounter with each 
other and associate through the docking domain to form a complex in the cell, the rate of 
the binding step is k_bind. The complex subsequently can transit from ON state to OFF 
Keq =
Off _ state
On_ sate
DG = -RT ln(Keq )
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state. This process is reversible, the forward and reverse reaction rates are k_on and k_off, 
respectively.  The complex in on state is able to be recognized by the ribosome, leading to 
the initiation of protein translation with a rate of k_trl. Inside of cell, the degradation rate 
of RNA species and protein species are k_drna and k_dprotein, repectively, while the 
amount of plasmid in the cell is assumed to remain constant. Other than trigger-activated 
translation, the riboregulator may exhibit leaky protein expression without binding to a 
target or in the OFF state. Therefore, the leakage of protein expression is also considered 
in the model. The rate of protein expression leakage is described by k_leak.  
The names of the species involved in the mathematical model are listed as following: 
Gene_switch = switch DNA 
Gene_target_wt = target DNA 
Gene_target_snp = target DNA with SNP 
Switch = the ultra-specific riboregulator 
Target_WT = target WT. 
Target_SNP = target with SNP mutation 
Complex_OFF = the complex assembled by target and switch which is not accessible to 
the ribozyme 
Complex_ON = the complex assembled by the target and switch which is accessible to the 
ribozyme 
Protein = translated protein expression level.  
The reaction steps of the system are:   
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The corresponding differential equations are: 
 
During the transition steps between the OFF state and ON state of the, the relationship 
between the k_on and k_off are: 
 
where ΔG denotes the reaction energy of transition from OFF state to ON state.  
Comparing the reaction energy between the correct target and one with a single-nucleotide 
mutation, the relationship is: 
Gene_ switch
ktrs¾ ®¾ RNA_ switch
Gene_ targ
ktrs¾ ®¾ RNA_ targ
RNA_ switch + RNA_ targ
kbind¾ ®¾¾ RNA_ complex _off
RNA_ complex_off
kon¾ ®¾ RNA_ complex_on
RNA_ complex_on
koff¾ ®¾ RNA_ complex _off
RNA_ complex_off
kleak¾ ®¾ protein
RNA_ switch
kleak¾ ®¾ protein
RNA_ complex_on
ktrl¾ ®¾ protein
RNA_ switch
kd _ rna¾ ®¾¾ F
RNA_ targ
kd _ rna¾ ®¾¾ F
protein
kd _ protein¾ ®¾¾¾ F
d[Gene_ switch]
dt
= 0
d[Gene_ targ]
dt
= 0
d[RNA_ switch]
dt
= ktrs[Gene_ switch]- kbind[RNA_ switch][RNA_ targ]- kd _ rna[RNA_ switch]
d[RNA_ targ]
dt
= ktrs[Gene_ targ]- kbind[RNA_ switch][RNA_ targ]- kd _ rna[RNA_ targ]
d[RNA_ complex_off ]
dt
= kbind[RNA_ switch][RNA_ targ]+ koff [RNA_ complex_on]- kon[RNA_ complex_off ]- kd _ rna[RNA_ complex _off ]
d[RNA_ complex_on]
dt
= kon[RNA_ complex _off ]- koff [RNA_ complex_on]- kd _ rna[RNA_ complex_on]
d[protein]
dt
= ktrl[RNA_ complex _on]+ kleak ([RNA_ complex _off ]+ [RNA_ switch])- kd _ protein[protein]
kon
koff
= e
-DG
RT
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Where ΔGSNV and ΔGWT denote the transition energy of the switch from the OFF state to 
the ON state when binding to the single-nucleotide mutated target and the correct target, 
respectively. ΔG penalty denotes the energy penalty to the stability of the RNA duplex when 
a mutation occurs.  
To evaluate the SNV discrimination capability, differentiation factor is defined as: 
 
where [ProteinWT_induced] and [ProteinSNV_induced] denote the final protein expression level 
triggered by the WT target and SNV target respectively. The discrimination factor in the 
above equation applies to a USR designed to detect the WT target sequence, while the 
reciprocal of the equation would apply for a USR designed for the SNV target sequence. 
 
Taking the protein expression kinetic curve with a reaction energy of -1 kcal/mol as an 
example, the correct target elicits substantially higher protein expression compared to the 
SNV target. The relationship between the differentiation factor and reaction energy for the 
correct target is shown in Figure S4. The differentiation factor will first increase and then 
decrease in response to the increasing reaction energy. An energy window that gives 
reasonable discrimination capability with a differentiation factor greater than 20 (indicated 
by red dashed line, Figure S4) is from -2 to 2 kcal/mol. However, when the reaction energy 
is positive or weakly negative, gene expression is low and thus not easily detected, even 
for reasonable discrimination factors. Therefore, taking both the gene expression level and 
DGSNV = DGWT +DGpenalty
Df =
[proteinWT _ induced ]¥
[proteinSNV _ induced ]¥
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discrimination factor into consideration, the optimal reaction energy is approximately -2 to 
-1 kcal/mol. 
 
 
Figure S3. Simulated kinetic curve of protein expression level with perfect binding target 
and SNV target under different reaction energies.  
 
 
 
 
 
 283 
 
 
Figure S4.  The relationship between the differentiation factor and the reaction energy 
upon binding to a correct target. The red dotted line indicates a differentiation factor of 
20. 
 
8. Computational design algorithm of the USRs  
8.1.  Target strand dissection 
For a known target with a mutated sequence, the target is dissected into different domains, 
such as the docking domain, bulge domain, toehold domain, and the branch migration 
domain. The target mutation is put specified to occur within the branch migration domain. 
To maximize the discrimination performance of the mutation, the mutation position is 
arranged to the position closer to the initiating end of the branch migration4 (i.e. the 3’ end 
of the target or 5’ end of the switch).  
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8.2. The design of USR 
Since the sequences of the docking domain, bulge domain, forward toehold domain, and 
branch migration domain are determined by the desired target, sequence optimization of 
the riboregulator is performed on the translation initiation, the region between the end of 
hairpin and gene encoding domains (21-nt long). The design process basically has two 
parameters to optimize, the transition energy between the ON and OFF states and the 
ensemble defect level of the resulting switch. The transition energy between the ON and 
OFF states has significant influence on the discrimination performance of the USR. The 
ensemble defect of the switch has influence on the protein expression level of the 
switches.  
 
8.3. In Silico high throughput design and screening 
The design principles of the previous two steps were formalized into software code to allow 
automated design. To maximize the chances to obtain the best design, each design can be 
run more than 1000 times to get the first in silico candidate library. Then the library is 
screened through the following steps: (1) removing the unwanted designs. The design 
library may have the switch whose gene encoding region contains a stop codon that will 
inhibit translation. There is still a high chance that the library may have duplicated 
sequences. In the first screening step, the software will remove the design with in-frame 
stop codon and duplicate sequences. (2) Screen for the best design based on a scoring 
function. Based on our empirical and theoretical knowledge, the overall design ensemble 
defect, the reaction energy, and defects around the RBS are the three most critical factors 
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for the discrimination performance of a USR. We constructed a scoring function that 
combines these two factors quantitatively to enable fast screening of the library.  
a. Overall defect penalty score 
In an ideal design, the undesired base pairing interactions are assumed to occur with 0% 
probability. This specification means that only the target binding regions and the hairpin 
containing the reverse toehold domain, which encloses the RBS, form RNA duplexes when 
the target and switch interact. The remaining domains in the design are assumed to be 
single-stranded without any interactions within and between the domains. The defect level 
of an ideal design equals to 0. More generally, the overall defect score is calculated by the 
following equations:  
 
b. Energy penalty score 
The intended reaction energy for the two-state transition is generally about -1 kcal/mol, 
which is the optimal value for the best discrimination. The energy penalty score is 
calculated by the following function, with desired_energy = -1 kcal/mol: 
 
c. RBS defect penalty score 
The secondary structure around the RBS is very important for the translation initiation. The 
region included in the RBS defect penalty score calculation is started from the reverse 
toehold to the end of linker before the protein encoding region.  
 
Overall _def _ score =1000*Overall _def
Energy_ score =1000*(energy- desired _energy)
RBS_def _ score =1000*RBS_def
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The three scores above are summed together to generate a final overall score for the USR 
design. The lower the score, the better the expected performance of the design. Finally, 
designs with best scores will be selected for the experimental validation. 
 
9. USR system design based on toehold switches 
The competitive design concept can be implemented using the previously reported toehold 
switch design as well. In the toehold switch design, the start codon AUG sequence is 
positioned in a bulge region within the hairpin.5 To integrate this secondary structure into 
the ultra-specific design, the stem region close to the loop is regarded as a so-called remote 
toehold that is separated from the branch migration region by the AUG bulge. This remote 
reverse toehold is balanced by a forward remote toehold that is formed by separating the 
standard USR forward toehold by a short spacer. Addition of this spacer ensures that during 
the forward toehold-mediated branch migration a matching 3-nt bulge region is formed 
between the trigger and switch RNAs. This bulge compensates for the bulge that is 
originally present in the hairpin as a result of the start codon 
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Figure S5. Alternative version of ultra-specific riboregulators with AUG bulges. (A) 
Design schematic and mechanism of ultra-specific design based on toehold switches. (B) 
Flow cytometry GFP fluorescence histograms for the ultraspecific riboregulator operating 
in E. coli. (C) Capabilities of ultraspecific riboregulator based on toehold swich to 
discriminate two SNV targets. 
 
10. Statistical relationship between riboregulator discrimination performance and 
reaction energies and RNA structural defects. 
To better understand and guide future ultra-specific riboregulator designs. We 
systematically studied how the forward and reverse toehold strength relate to the 
discrimination performance of the designed riboregulators. A linear statistical model was 
constructed to fit the experimental data using the R package. Initially, the features, such as 
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overall defects, reaction energy, RBS defects, and their mutual interacting variables were 
input into the model. The stepAIC function from the MASS package was used to obtain 
the best linear fitting model.  
To analyze how these factors affect riboregulator performance, a set of 19 discriminating 
reactions targeting single SNPs were carried out in cells by varying the length of reverse 
and forward toehold lengths. Through analysis of these data, we found the reaction energy 
and defects around the RBS region were strongly correlated with the final discrimination 
factor with a coefficient of determination of R2 = 0.729. The reaction energy affects the 
riboregulator discrimination factor through its influence on the equilibrium between ON 
and OFF states, as explained previously. The defects around RBS are determined by the 
percentage of bases that form undesired secondary structures in the minimum free energy 
state. RBS defects influence the dissociation of the reverse toehold after the completion of 
the branch migration and ribosome binding to initiate translation. 
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Figure S6. A systematic study of the sequence discrimination performance of USR 
systems. (A) The transition from the state of target docking (OFF state) to the open state 
(ON state) of the riboregulator involves binding of the forward toehold, branch migration 
in the SNV-sensitive region and dissociation of the reverse toehold. The same color codes 
are used as in Fig. 1A. The mutation to be 5 is marked by a small red circle in the branch 
migration (colored blue). The RBS is in the hairpin loop regions (colored grey). The 
defects in this region may lower the efficiency of ribosome binding for translation 
initiation, which may also affect the dissociation of the reverse toehold for the switching 
to the ON state. The lengths of the two toehold regions also affect the efficiency of the 
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transition. (B) The discrimination factors of the USR system with different combinations 
of the lengths of the forward (F) and reverse (R) toeholds (the numbers represent the 
numbers of nucleotides in the toeholds). (C) The correlation between the discrimination 
factor (log scale), the percentage of RBS secondary structure defects, and the predicted 
reaction free energy change.  
 
11. Additional figures 
 
 291 
 
 
Figure S6. The differentiation factors of USRs targeting mutation in a continuous region 
of the HIV RNA genome. 
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Figure S7. Scatter plot of the reaction energy with a SNP target from HIV versus 
experimentally measured differentiation factor. Designs with high performance are 
distributed with reaction energies ranging from -4~1 kcal/mol, which indicates the 
limitations of current reaction energy predictions.   
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Figure S8. Kinetic curve of USRs designed to target mutations related to HIV and malaria 
drug resistance, and genetic mutations associated with breast cancer.  
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Figure S9. Kinetic curve of Zika strain-specific USRs challenged with RNA from three 
different strains of Zika. 
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